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Preface

The purposes of Government Work Package Task 29
(GWP29) were to develop advanced resistance strain gage

technology in support of the National Aerospace Plane (NASP)

Program and to test these advanced sensors from room tem-

perature to 2000 °F (1095 °C). The present phase of the

development advances the technology to only 1500 °F (815 °C)

primarily because of limitations in the materials selected for the

program. GWP29 was a cooperative effort between NASA
Lewis Research Center, NASA Langley Research Center, and

NASA Dryden Flight Research Center to develop and test three

strain gage types and to perfect gage attachment techniques.

The end product of the effort was intended to characterize the

behavior of the various gages over the temperature range on a
selection of NASP materials and to arrive at recommendations

regarding their use. Three test sites were selected for the

development process because the NASP contractor team re-

quired independent verifications of the subject gages. Before

testing could begin, significant delays were encountered, first
in the selection of which NASP materials to use in the investi-

gations and second in the delivery of adequate quantities of the

selected materials for the many test specimens required. During

the early phase an elaborate test procedure, complete with

evaluation methodologies, was generated addressing the major

gage properties of interest to an investigator: apparent strain,

drift strain, and gage factor as a function of temperature. The
three NASA centers conducted identical tests on three different

high-temperature gages and on two NASP materials. Early

during this phase significant advances in the gages being

developed under this task led to a decision by the NASP Joint

Program Office to apply them to several structural test articles

being developed under other parts of the NASP program.

Langley Research Center developed an iron-chromium-
aluminum (Kanthal A1) gage, consisting of two elements, one

active and one inactive, connected in a half-bridge configuration.

Lewis Research Center developed a dual-element, temperature-

compensated gage of palladium-chromium (PdCr) with a plati-

num compensator. Dryden Flight Research Center developed a

dual-element, iron-chromium-aluminum (BCL-3) compensated

gage with a platinum compensator. The materials investigated

were IN100 and _-21S titanium-matrix composite (TMC). Be-

cause of temperature limitations in the TMC material, tests were

conducted principally to 1200 °F (650 °C) with additional excur-
sions to 1350 °F (730 °C) and to 1500 °F (815 °C).

Extensive tests, as described in the test procedure (chapter 2),

were performed on all three gage types for all gage parameters
at each of the three centers. To gain statistical significance, data

from all gage types were collected from all the centers and

combined to give an average of the data for 12 gages of each

type together with the upper and lower 95% confidence limits

regarding those averages. Dryden collected and processed data

from all three centers for apparent strain, Langley did the same
for drift strain, and Lewis for gage factor. Close cooperation

between the three centers was essential to ensure that data from

gages tested at different laboratories by different personnel

using different equipment could be combined to improve the

statistics of the entire process. Although raw data were acquired

on different systems, identical computational equipment and

programs were used.
A tremendous amount of effort has been expended in the

performance of this program: in developing the test procedure

itself, in developing gage attachment techniques, in acquiring

copious amounts of test data, and finally, in processing, dis-

playing, and reporting the test results. New gages were devel-

oped, extensive apparent strain compensation techniques were

explored, new gage application techniques were perfected, and
new materials were examined. It was generally concluded that

no one gage type is clearly better than the others although each

has attributes that may be more applicable in certain test

programs. It has been shown in this program that making valid
strain measurements on new materials requires an investigation

to ensure that the proper gage type is selected, that the necessary

compensation for that material is determined, and that special

gages are procured for the situation if needed.
The remainder of this report contains complete information

on the test procedure, the evaluation methodologies, the test

systems used at the various centers, and the gage attachment
techniques used and provides curves of all data obtained in the

course of testing.
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Chapter I

Summary

1.1 Introduction

Before the formation of Government work packages, work

within the NASP program on high-temperature, strain-sensing

technology had proceeded under the Technology Maturation

Program. In December 1990 the NASP contractorteam reviewed
the status of all instrumentation as it related to the NASP

program and determined that strain-sensing technology was the

major technical challenge needing to be addressed. The pro-

gram to come out of that determination was Government Work

Package Task 29 (GWP29). Its purpose was to develop advanced

strain gage technology in support of the NASP program. The

focus was to develop advanced resistance strain gages with a

temperature range from room temperature to 2000 °F (1095 °C)

and to develop methods for reliably attaching these gages to the

various materials anticipated for use in the NASP program. An

additional complication was the NASP program requirement

for first-cycle data. Therefore, the installed gages were not

prestabilized or heat treated before first-cycle data were recorded.

Most high-temperature gages on the market in the 1980's

exhibited resistance changes with temperature that could be

orders of magnitude greater than that due to the expected strain.

These resistance changes were highly nonlinear, were not

repeatable, and had significant zero shifts when the gages were

returned to room temperature. Some of these traits could be

corrected but that required extensive records on the tempera-

ture-time history for each gage. To minimize or eliminate these
undesirable traits, NASA Lewis Research Center, together

with United Technologies Research Center, embarked on a

program a few years ago to find a new gage alloy and then

develop methods for using this new gage. At the outset of
GWP29 it was decided to continue development of the resulting

Lewis palladium-chromium (PdCr) gage but also to revisit
some more readily available iron-chromium-aluminum

(FeCrA1) gages to develop techniques for minimizing the
undesirable traits. Thus, the NASA Lewis Research Center, the

lead center for GWP29, chose to continue development of the

PdCr gage; NASA Langley Research Center chose to investi-

gate a popular gage known as the NZ-2104 FeCrAI foil gage

manufactured by JP Technologies, Inc.; and the NASA Dryden

Flight Research Center, because of extensive experience with

it, chose the well-known BCL-3 FeCrAI gage for their inves-

tigation. The work package was broken into four tasks. Task 1,

conducted principally by Dryden and Langley, was to investigate

prestabilization and compensation techniques for BCL-3 and
NZ-2104, both FeCrA1 gages. During this effort Langley

replaced the NZ-2104 gage with a new concept gage using
Kanthal A1 described in detail later in this report. Task 2,

conducted principally by Lewis, was to continue the develop-

ment of the PdCr gage and its compensation and attaching

techniques. Task 3 was a combined effort, by all three centers,

to follow a detailed test procedure primarily developed at Lewis
and an evaluation methodology primarily developed at Dryden

for the respective gages. Task 4 was the reporting of results,

with this document being the final product.

The parameters investigated were those believed to be of

greatest importance to the user: apparent strain, drift strain, and

gage factor as a function of temperature, plus gage size and

survival rate over the test period. Although a significant effort was
made to minimize the differences in test equipment among the

three test sites (e.g., the same hardware and software were used for

final data processing), each center employed a different data

acquisition system and furnace configuration; therefore, some

inherent differences may be evident in the final results.

1.2 Program History

As stated previously, before the formation of Government

Work Package Task 29, strain-sensing technology develop-

ment, both optical and contact sensing techniques, had pro-
ceeded at several sites under the Technology Maturation

Program. In December 1990 the NASP contractor team re-
viewed the status of all instrumentation relative to the NASP

program; the following is a summary of their recommendations

regarding strain sensing:

"Develop and test strain sensors applicable to high-temperature
measurements on metals, metal-metrix composites (MMC),

and carbon/carbon composites (C/C). Coordinate test plans

with NASP contractors and current flight sensors contract

effort. Specific tasks should include

1. Active coordination with NASP contractors.

2. Independent verification of reported successful results at

high temperatures for FeCrAI and PdCr alloys. Issues include

material source, coatings, and conflicting results between
researchers.



3. Applicationof abovealloysto NASPmaterials, e.g.,

molybdenum rhenium (MoRe) and titanium-matrix compos-

ites (TMC), and verification testing to establish operating
limits for each of the sensor materials. Address foil or flattened

configuration for PdCr to delete the "installed" high tempera-

ture stabilizing soak currently required.

4. Testing of alternative practical installation methods on

NASP materials and evaluation of the effects of high acoustic

levels (160-165 dB)on installed gauges.

5. Independent evaluation ofthe 1/4-in.HITECcapacitance

gage for selected NASP required.

6. Proof of concept testing of new sensor candidates espe-

cially for the temperature range from 1500 to 2500 °F. For

example, the DOE proposed thermographic phosphor method,

an optical extensometer, fiber optics (if high temp fiber devel-

oped) or speckle techniques proposed."

These tasks were given a decreasing order of importance (as

above) by the contractor teams and with these guidelines

Lewis, as the lead center, with Langley and Dryden formulated

a development and test program to further the development of

high-temperature resistance strain gages. Emphasis was placed

on the first three tasks and gage installation techniques. High

acoustic levels, although of great concern, were not addressed

because of insufficient funding levels, and evaluating the

capacitance gage was not considered because of its sensitivity

to the high vibration levels anticipated on the NASP vehicle.

Optical techniques employing speckle imaging were being

pursued under other auspices at both Lewis (ref. 1.1) and

Langley and so were not considered further under this program.

Over time several iterations were made concerning the materi-

als to be used. Carbon/carbon was dropped as a material for the

primary structure and MoRe was transferred to the contractor

work package on strain. TMC and IN 100 were selected for test
with IN 100 as the baseline material.

After many redirections the final program for GWP29 was
formulated as follows:

1. Task objective: Develop and test contact strain sensors

capable of providing valid first-cycle data for use in the NASP

program from room temperature to 2000 °F (1095 °C).

2. Approach: Use the latest gage attachment techniques to
perform a laboratory evaluation of the latest versions of the

BCL-3, NZ-2104, and PdCr gages installed on test bars and

coupons of IN 100, MoRe, and TMC materials. (MoRe was

subsequently transferred to the contractor work package.)

3. Relationship to other Government and contractor work

packages: This is a companion effort to the contractor's High-

Temperature Strain Sensor Work Package and will provide the

test techniques for the contractor's phase liD test article instru-

mentation efforts in support of the phase II exit criteria.
4. Schedule and milestones:

Original Revised
date date

1/92 6/92

6/92

12/92

3/93

Task element or milestone

a. Develop compensation techniques for

FeCrA1 gage types.

3/93 b. Develop PdCr gages.

1/95 c. Independently test and evaluate the BCL-3,

NZ--2104, and PdCr gages on INI00,
TMC, and MoRe materials.

5/95 d. Produce final report on gage evaluation and

on sase attachment techniques.

The first two tasks were essentially completed according to

this schedule, allowing time to improve the gages before testing.

Task 3 was delayed considerably due to delays in delivery of

material. The first IN 100 deliveries were made in August 1992,

but the material was found to be unusable. Salvage attempts

proved unsuccessful and more material was procured with

delivery in April 1994. Initial deliveries of the TMC material

were made in January 1993, but the initial plates were warped

significantly. A series of tests were conducted to determine the

material' s usefulness for this program (see appendix). Significant

x-ray and ultrasonic studies done under NASP WBS 5.6.7 led

to the conclusion that the material was acceptable. These

evaluations delayed the testing phase.

1.3 Technical Background

Measuring mechanical strain is a difficult task at elevated

temperatures, particularly where first-cycle data are required.

Temperatures as high as 1500 °F (815 °C) and above are

encountered in engine testing and were anticipated in structural

testing in the NASP program. Not only are gages difficult to

work with at these temperatures, but new materials have

idiosyncrasies of their own that complicate the task. At the

beginning of the NASP program numerous gages were avail-

able commercially, most of which were either platinum-tungsten,

nickel-chromium, or FeCrAI alloys. The FeCrAl strain gage

formulations were studied extensively in the late 1960's and

early 1970's, and a great deal of effort was directed to finding

formulations that would minimize the apparent strain of those

materials, particularly at 700 to 900 °F (370 to 480 °C), where

a metallurgical phase change occurs. Two formulations of the

FeCrAI alloys have been extensively studied. One formulation,

developed under Langley contracts (refs. 1.2 to 1.4) with

Battelle Columbus Laboratories is designated the BCL-3 alloy.

A second formulation was developed in China, hence the name

"Chinese Alloy," in both 1300 and 1475 °F (700 and 800 °C)

versions. The large magnitude, nonlinearity, and cooling rate

sensitivity of the apparent strain for the non-temperature-

compensated FeCrAI gages motivated the NASA Lewis

Research Center and the United Technologies Research Center

to develop the PdCr gage. Figure 1.1 illustrates the apparent

strain as a function of temperature for four high-temperature
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Figure1.1.---Comparison of apparent strain versustemp-
erature among four high-temperature strain gages.

resistance strain gages that were available when the GWP29

program started. It is apparent from figure 1.1 that the FeCrAI

gages had large apparent strain variations as a function of

temperature, perhaps an order of magnitude greater than the
strains of interest (ref. 1.1). (Note that the result for the PdCr

gage was from a gage that was prestabilized on the test article

before testing.) Meaningful apparent strain correction, unless

further compensation is accomplished, demands a rather pre-

cise knowledge of the temperature. In addition to the apparent

strain variation with temperature, apparent strain variations

over time at temperature must also be accounted for. Indeed,

heating and cooling rates can affect the apparent strain mag-
nitude and cause a non-return-to-zero condition that must also

be dealt with. This test program sought to address all these

concerns by a test sequence that attempted to determine the

magnitude of the various effects (refs. 1.5 and 1.6). "

Resistance strain gages measure strain by measuring the

fractional change in resistance of a gage material, usually a
fine wire, thin foil, or thin film. This change is expressed as

AR/R = AExGF (1.1)

where

AR fractional change in gage resistance

R unstrained resistance of strain-sensing element

AE applied mechanical strain

GF gage factor

For elevated temperatures the gage changes resistance with

temperature Tand with time x at temperature, and the measured
strain e results from both true strain, apparent strain, and drift

strain expressed as

AEmeasured strain = A£true strain + A£apparent strain + AEdrift strain

(1.2)

where

ARe,T, x / RT

Al_measured strain - GF T

Agapparent strain - GF T

AEdriftstrain -
ART, x / RT

OFt

R 0 unrestrained resistance at room temperature of strain-
sensing element

R T unrestrained resistance at temperature Tof strain-sensing
element

GF T gage factor at temperature T

Various approaches have been taken to minimize the magni-

tude of the last two terms in equation (1.2). All techniques must
resort to some method, either resistance or voltage offset

compensation, to minimize the apparent strain (ref. 1.7). Dif-

ferent temperature-compensating alloy compositions are used

to control or linearize the apparent strain versus temperature as
well as to minimize the drift strain terms. Greatly reducing the

effect of apparent strain by matched gage elements connected

electrically in adjacent arms of a Wheatstone bridge circuit is
another means to the same end. These approaches have been

employed in this work package and make certain compromises
that the user must evaluate to determine which method is best

for a specific application. It must be emphasized that before

applying any of these gages to new materials, particularly

composite materials, one must test samplcs of the new material

to determine compensator resistance magnitude. These spe-

cialized gages can then be obtained with a compensator so that

they will be optimized for that new material.

1.4 Strain Gage Selection

As is evident from the preceding section, continued develop-
ment and characterization of high-temperature strain gages

presented a formidable challenge at the outset of the test

program. Several approaches to selecting gages to evaluate and

their compensation techniques were addressed. Factors leading
to these selection and compensation techniques are now

described.



Figure 1.2.---Langley compensated Kanthal gage (CKA1).
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1.4.1 Langley Research Center's Compensated Kanthal

A1 Gage (CKA1)
base. As a result, Langley selected 0.00l-in.-diameter Kanthal

AI wire for the construction of their gages.

To minimize the effects of apparent strain due to temperature

and drift strain over time, a multielement gage was designed

using a closely matched pair of gages. The gages were matched

in both material and resistance. One gage element was firmly

bonded to the structure; a second gage element, surrounding the
first, was not bonded and was therefore isolated from the

mechanical strain (ref. 1.8). Thus, both gage elements were

exposed to a similar thermal environment. The gage is shown

in figure 1.2. Connecting these two gage elements in adjacent

arms of a Wheatstone bridge ideally balanced the thermal

inputs and yet retained sensitivity to the mechanical strain. To

correct for differences in thermal expansion between the gage
and the structure materials, such as TMC's, an additional

0.001-in.-diameter platinum element was added in the arm that

would generate the proper sign of the apparent strain. Origi-

nally, an NZ-21(M-120L, free-filament, foil gage with a dual

element for compensation had been considered; however, it

was felt that structural damage caused by plasma spray attach-

ment techniques and oxidation of the thin foil, above approxi-

mately 1200 °F (650 °C), would result in both yield and

reliability problems. In changing to a wire construction the

1300 °F (700 °C) Chinese Alloy was considered, but its

availability was always in question. The BCL-3 wire was also

considered, but its cost and the fact that Dryden was advancing

the development of that gage made selection of an inexpensive,

readily available wire an alternative to expand the knowledge

1.4.2 Lewis Research Center's Palladium-Chromium

Gage (PdCr)

The PdCr gage was developed by the United Technologies
Research Center with further refinements at Lewis. It was

selected by Lewis for continued development under the NASP

program. The gage material, palladium plus 13 wt% chromium,

was selected after an extensive study (ref. 1.9) as having the

most stable electrical properties among a number of alloys

studied. The gage (ref. 1.10), consisting of a 0.001 -in.-diameter

PdCr wire, a 0.001-in.-diameter platinum compensator, and
0.03-in.-diameter PdCr lead-wire attachments, is shown in

figure 1.3. The gage was connected in a half-bridge configura-

tion, with the compensator and a ballast resistor in an adjacent
arm completing the bridge. The resistance of the ballast resistor

was selected to balance the bridge. The apparent strain of the

PdCr element was essentially linear and the compensator was

strain sensitive. This approach compensated for both apparent

strain and mismatch in thermal coefficient of expansion between
the gage and the substrate.

1.4.3 Dryden Flight Research Center's Dual-Element,

Temperature-Compensated BCL Gage (DETCBCL)

Dryden selected this dual-element, temperature-compensated

gage because of their extensive experience with the standard
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Figure 1.3.mLewis PdCr high-temperetum static strain gage with platinum compensating
element.

Figure 1.4.mDryden DETCBCL gage with platinum compensating element.

BCL-3 gage, an FeCrAI gage. The DETCBCL comprised two

wire grids connected in series. The primary grid was fabricated

from 0.002-in.-diameter BCL-3 alloy wire, a special high-

purity FeCrA1 strain gage alloy wire originally developed a

number ofyears ago by Battelle Columbus Laboratories (ref. 1.2)

under contract to Langley. The compensating grid was also

0.002-in.-diameter wire and was fabricated from a high-grade

platinum metal. Temperature compensation was achieved dur-

ing gage manufacture by selecting the resistance of the com-

pensating grid to adjust the apparent strain of the compensated

gage to zero at the test temperature, in this case 1500 °F

(815 °C). This procedure reduced the requirement for precise

knowledge of the temperature for which compensation has

been determined, but at intermediate temperatures this require-

ment still existed. The lead-wire attachment tabs were 0.031 -in.

by 0.02-in. Hoskins 875 ribbon. The nominal resistance of the

gage was 120 f_. Figure 1.4 shows the gage. The gage required

no external temperature compensation and was connected to

the data acquisition equipment in a standard three-wire, quarter-

bridge configuration.



Figure1.5._Gages installedon IN100 couponandtested underNASPGWP29program.(a) PdCr. (b) DETCBCL.(c) CKA1.

The three candidate gages finally selected are shown in

figure 1.5. Here the gages are installed on an INI00 coupon.

1.5 Summary of Test Results

A total of 216 gages, 72 of each gage kind, were tested on

two types of specimen, IN 100 and SCS--6/_-21S TMC. All the

CKA1 gages tested were procured and installed at Langley,

and all the DETCBCL gages tested were procured and installed
at Dryden. There were, however, some variations for the PdCr

gages. During the testing of the PdCr gages on IN 100, it was

determined that the welds between the gage lead wire, 0.003-in.

PdCr, and the trunk lead, American wire gage (AWG) #25

Hoskins 875, were not durable enough for shipping. All the

PdCr gages on TMC that later were tested at Langley and



DrydenwerethereforereworkedalongtheweldsatLangley.
Thesegages,however,showedamuchlargerapparentstrain
andhigherdriftratethanthosegageswithoutreworkingthat
weretestedatLewis.Thisdiscrepancymayresultfrompossible
contaminationintroducedduringthereworking.Theaverage
resultsfromthePdCrgagesonTMCarethereforenotas
representativeasthosefromthegagesonIN100.

1.5.1 Apparent Strain

This section discusses the apparent strain characteristics,

scatter, magnitude, slope, and repeatability, for each type of

gage. The actual gage application will determine which
characteristic is the most important. Center-to-center differ-

ences in heating and cooling rates have not been accounted for
in the data reduction; therefore, the characteristics for apparent

strain are affected by these heating and cooling differences.

Apparent strain tests were performed on two materials, IN 100
and TMC, and their results for each are discussed here. This

discussion is based on figures 5.1 to 5.72 and the results of

chapter 5.
1.5.1.1 Scatter.--When tested on IN100 the CKA1 gage

canceled the metallurgical instabilities in the Kanthal A1 alloy

very well. Second cycles to a given temperature tended to
stabilize this gage. The figures of merit from section 5.4

indicate that this gage was superior to the others in this charac-

teristic, with the exception of the cooldown on cycle 1, C1CD.

The PdCr gage had little sensitivity to heating rate changes but

was sensitive to cooling rate changes because Hoskins 875

(FeCrAl) lead wires were used in a non-one-to-one bridge
circuit. Scatterbands increased significantly on cycles to 1500 °F

(815 °C), indicating a phase change transformation of the PdCr

wire at approximately that temperature. The figures of merit for
this characteristic of the DETCBCL gage show that it did not

perform as well as the other two for all first-cycle tests, which
is believed to be a result of the center-to-center heating and

cooling rate differences.
The tests on TMC indicated the same results, except at the

1500 °F (815 °C) test points, where the DETCBCL gage had
the least scatter.

1.5.1.2 Magnitude.--The CKA1 gage had a smaller magni-

tude of apparent strain throughout the temperature range tested

than the other high-temperature strain gages tested on IN100.

As shown by the figures of merit in section 5.4 this gage was

superior in apparent strain magnitude through all cycles tested.

The PdCr gage showed a greater magnitude than the CKA1

gage, but it was generally less than 1000 kte and was relatively

constant over the 12 cycles. The figures of merit show the PdCr

gage to be second in this characteristic. The magnitude of the

DETCBCL gage was consistent throughout all cycles but was

higher than the magnitudes of the other two gages.
The tests on TMC showed that the CKA1 gage again had a

small magnitude of apparent strain. The magnitude was even
smaller than that measured during IN100 tests. This gage was

superior on all cycles except cycle 1 heating, where the PdCr

gage was superior; for all other cycles the DETCBCL gage was
second to the CKAI.

1.5.1.3 Slope.---The CKAI gage showed very little slope in

the apparent strain plots when tested on IN 100. The figures of
merit indicate that the CKA1 gage was superior for all cycles.

The PdCr gage had a relatively flat slope for all cycles except
at 1500 °F (815 °C). The figures of merit show the PdCr gage

to be second to the CKA1 gage for all cycles tested. The slope

of the apparent strain curves for the DETCBCL gage was

negative to approximately 600 °F (315 °C) and then became

positive to the end test temperature. The figures of merit

indicate that this type of gage did not perform as well as the
other two.

Tests on TMC once again showed that the CKA1 gage had

very little slope in the apparent strain plots. As in the INI00

tests, the CKAI gage changed slope between 300 and 750 °F

(150 and 400 °C) because the installation stress had been

relieved. The CKAI gage was superior for all half-cycles

except cycle 1heating, where the PdCr gage was superior. After

the first half-cycle the PdCr and DETCBCL gages were close

in performance throughout the test range.

1.5.1.4 Repeatubility.--In tests on IN100 the figures of

merit show that the PdCr gage was superior in four of the seven

selected cycles and the CKA1 gage was superior in the other

three cycles. The figures of merit also show the DETCBCL

gage to be second in two of the designated cycles and third in
the others. A factor in this poor showing of the DETCBCL

gage is the time-at-temperature difference from center to

center caused by the difference in the furnaces used for

heating.
The tests on TMC indicated that the CKA1 gage had good

repeatability for the selected cycles but was superior in only

three of the seven cycles. The PdCr gage did not appear to be
as rate sensitive as it was in the IN100 tests but did show some

large zero shifts. Again, this may have resulted from the

reworking done at Langley. Although the DETCBCL gage
showed some first-cycle zero shift, it was significantly less than

on IN100 and less than that shown by the other gages. The

figures of merit show the DETCBCL gage to be superior in four

of the seven selected cycles and second in the other three

cycles.

1.5.2 Drift Strain

This discussion is based on figures 5.73 to 5.114 and the

results of chapter 5.

In performing drift strain testing the test procedure called

for heating the specimen to the test temperature, allowing

the temperature along the coupon to stabilize, and then

beginning the 4-hr soak. Given that Langley and Lewis used

environmentally controlled chambers (ovens) and Dryden
used a faster radiant heat facility, some bias resulting from

disparate heating rates might be expected. Historically, it has

been observed that the major portion of the drift strain occurs

in the first hour at temperature. Indeed, the Dryden data have



somewhathigherdriftvalues,particularlyfortheCKAIand
DETCBCLgagesaround900°F(480°C),whereknownphase
changesoccurin thegagealloy.Similarcommentsapplyto
testsoftheCKA1gageandtoalesserextentfortheDETCBCL
gageonTMCmaterial.It isnoteworthythat,innearlyallcases,
datafromfourgagesonTMC,astestedateachcenter,seemto
clustertogetherratherthanberandomlydistributed,confirm-
ingsomedegreeofbias.

DriftmagnitudeandscatterwerelowestforthePdCrgageon
INI00.At1500°F(815°C)thePdCrgagewasverymarginal
andseveralinstallationsdidfail.TheCKA1gageexhibiteda
largerscatteramongthe12gages,whichincreasedasthe
temperatureincreasedandappearedconsistentonbothmateri-
als.ThisscattermaybeattributabletotheCKA1gagebeing
only0.001in.indiameterandpossiblyexperiencingahigher
oxidationoftheunbondedcompensatingelement.Thisgage
hadthelowestdriftrateonTMCexceptinthephasetransfor-
mationtemperaturerangeandwasreasonablygoodintermsof
scatter.Clearly,theDETCBCLgagerevealedatighterpattern
amongthe12gagesthantheCKA1gage,evenasthescatter
increasedwithtemperature.Thedriftmagnitudewashighest
fortheDETCBCLparticularlyatthelowertemperatures,but
thissteadiedoutathighertemperatures,anattributeobserved
inthepast.

1.5.3 Gage Factor

This discussion is based on figures 5.115 to 5.186 and the

results of chapter 5.

Gage factor tests were performed on both IN 100 and TMC.

Langley performed tensile tests and therefore had their load

bars placed under only tension. Dryden and Lewis, on the other

hand, performed bending tests and therefore had their load bars

placed under both tension and compression. The test results

indicated that the gage factor of all three gage types decreased

as the temperature increased from room temperature to 1200 °F

(650 °C) and then slightly increased as temperature increased

up to 1500 °F (815 °C). The measured gage factor of all three

gage types decreased after the first thermal cycle to 1200 °F

(650 °C), suggesting increase in strain transfer after the first

thermal and mechanical loading. The gage factor characteris-

tics of CKA1 and DETCBCL gages under tension or compres-

sion were slightly different in the temperature range 750 to

1050 °F (400 to 565 °C), the gage factor measured under

compression being generally smaller than that measured under

tension. The measured gage factors of all three gage types on

TMC were generally larger than those of the gages tested on

IN100, and the differences increased with thermal cycling.

The CKA1 gage had the largest gage factor magnitude

among the three gage types tested on both IN100 and TMC.

The CKA 1 gage, however, also had the largest gage factor-

temperature sensitivity (highest slope) among the three gage

types. The PdCr gage, on the other hand, had the smallest gage

factor magnitude and the lowest temperature sensitivity among

the three gage types. The larger the slope, the greater the

possible uncertainty in the gage factor correction. The gage

factors of the CKA1, DETCBCL, and PdCr gages decreased

approximately 25 to 30%, 20 to 25%, and 15 to 20%, respec-

tively, as the temperature increased from room temperature to

1200 °F (650 °C) and then slightly increased as temperature

increased up to 1500 °C (815 °C). On IN100 the CKAI gage

had the best repeatability for the first thermal cycle to 1200 and

1350 °F (650 and 730 °C) under tension and was second to the

PdCr gage for all other cycles. On TMC, the PdCr gage had the

best repeatability for all thermal cycles except for the first

thermal cycle to 1500 °F (815 °C); CKA1 was the best for this

cycle. As for the gage-to-gage scatter the DETCBCL gage had

the least scatter for all thermal cycles under tension on IN100

and was second to the PdCr gage for all thermal cycles under

compression. The PdCr gage also had the least gage-to-gage

scatter for all thermal cycles under tension on TMC and was

second to the CKA 1gage for all the cycles under compression.

1.5.4 Gage Size and Survivability

The PdCr required the smallest installation area of the three

gages tested, the DETCBCL required a somewhat larger area,

and the CKA1 required the largest area.

The IN100 testing showed the CKA1 to have the superior

figure of merit for survival rate, followed closely by the

DETCBCL. The TMC testing showed the PdCr to have the

superior figure of merit for overall failure, followed closely by
the CKA 1 and the DETCBCL.

1.6 Conclusions

Personnel from all three NASA centers, combining decades

of experience in high-temperature strain measurements, devel-

oped a comprehensive test procedure and an evaluation

methodology for testing and characterizing the performance of

high-temperature strain gages. Three types of wire strain gage,

each with a radically different approach to compensating for

thermally induced apparent strain, were subjected to extensive
testing at three disparate test sites on two candidate NASP

materials. The gages' apparent strain versus temperature, drift

strain at temperature, gage factor as a function of temperature,
gage size, and survivability were characterized. Data from 12

gages of each gage type (three groups of four gages with one

group tested at Langley, one at Lewis, and one at Dryden) were

collected, providing statistical significance in the average

performance and 95% confidence interval for each parameter.
Thus, the data presented suggest where the average of another

group of gages might be expected to fall and give confidence

that the mean of the population would fail within the confidence

interval obtained from the samples tested.

A major contribution to strain gage technology is the compre-

hensive test procedures and evaluation methodology for testing



andcharacterizinggagesdevelopedinthisstudy.Thisdocument
will,nodoubt,serveasahandbookforstraingageevaluation.

Itissurprisingthataftersuchadetailedstudyit isnotpossible
tobeabsolutelydefinitiveregardingasinglebestgage.Butit
is not.All threegagesexhibitedsomepositivesandsome
negatives.All threeshowedsomeeffectofthemetallurgical
phasetransition,whichaffectedtheCKA1andDETCBCL
gagesatabout700to900°F(370to480°C)andthePdCrgage
at 1500°F (815°C).All threegagesusedsomeformof
temperaturecompensation.Thegagesweretestedoncoupons
overthetesttemperaturerangesothattheresultscouldbeused
forapparentstraincompensationthrougheitherselectionofthe
externalballastresistorforeachPdCrgage(ref.1.11),modifi-
cationof the internalgagecompensationelementfor the
DETCBCLgage,oradditionofanintemalgagecompensation
elementfortheCKA1gage.FortheCKA1,whichisahalf-
bridgeconfiguration,aninternalgagecompensationelement
wasneededonlyforthegagestestedonTMCcoupons.

Inverygeneralterms,andwithsomereservations,itmaybe
claimedthattheCKAIgageis superiorfor apparentstrain
measurementsandthatthePdCrgageissuperiorfordriftstrain
measurements.TheCKAIgagehasalargergagefactormagni-
tude.ThePdCrgageis superiorin gagefactortemperature
insensitivityandalsoin gagesizeandcalculatedtransverse
sensitivity.TheCKA1gagehassuperiorsurvivalonIN100;the
PdCrgagehassuperiorsurvivalonTMC.However,selectionof
a gagedependsonaparticularapplication.If long-duration
measurementsarerequired,driftwillbemoreimportantthanifthe
measurementisperformedduringrapidheatingandcooling,
wheresmallerapparentstrainisimportant.Largeapparentstrain
maynotbeafactorwherechangeinstrainisrequiredonlyata
constanttemperature.Furthermore,if durabilityis anissue,
survivabilitymustbeconsidered.Theusermustalsoconsiderif
thegagewillfitintotheareaallowedandhowlargeagagelength
willbeacceptableforthemeasurement.Finally,therequirement
forfirst-cycledatameantthatthegagescouldnotbeheattreated
(orprestabilized)onthepart.If thatcouldbedone,allofthese
resultswouldbevastlydifferent.

A generalconclusionfromthistestprogramisthatnosingle
gagedevelopedinthisprogramisclearlysuperiortotheothersbut
thateachgagetypehasattributesthatmaymakeit thegageof
choiceforaspecificapplication.Theadvantageisthatthreehigh-
temperaturegageshavebeenextensivelytestedandtheirat-
tributes,includingstatisticalinformationfromwhichtomakea
choice,aredescribedintiffsreport.Itmustalsobeemphasizedthat
apparentstraintestsmustbeconductedpriortoanymajortest
program,particularlyifnewmaterialsareinvolved.Theoptimum
gagecompensationcanthenbedetermined,whennecessary,so
thataccuratecorrectionscanbemadetothemeasureddata.

EarlyintheprogramtheNASPJointProgramOfficerecog-
nizedsignificantprogressinthedevelopmentofnewgagesand
requestedthattheybeusedonanumberof testpanelsand
enginestructuresactivelybeingdevelopedinothertaskareas.
PrincipalamongtheseweretheMcDonnellDouglaslightly

loadedsplicesubelement;theMcDonnellDouglasbetabeaded
bucklingpanel;twoRockwellInternationalhighlyloadedjoint
panels,wheresomeof thefirst dataat designloadsand
temperaturewereobtained;theMcDonnellDouglassigma
bucklingpanel;theRockwellInternationalsideshearpanel;the
RockwellInternationalactivelycooledHaynes188panel
(1in.x 4 in.);andthePratt& Whitneyactivelycooledpanel
(1in.x 4 in.) (refs.1.12to 1.17).Non-NASPapplications
includethePratt& WhitneyIntegratedHighPerformance
TurbineEngineTechnology(IHPTET)testandtestsatthe
NASALewisStructuresDivision(refs.1.18and1.19).

Majorspinoffsofthetechnologydevelopedunderthispro-
gramhaveoccurred.Allofthesegagesarenowavailableonthe
market.Severalapplicationsarebeingplannedwiththeelectric
powerandautomotiveindustries.

1.7 Recommendations

Should funding for additional work be obtained, a number of

topics beyond the scope of the present work need to be addressed:

1. Major efforts need to be expended on new materials and
on new methods, such as optical or x-ray-based concepts, for

measuring strain above 2000 °F (1095 °C).

2. The gages and attachment techniques should be evaluated

for use at cryogenic temperatures.
3. Studies should be continued to improve attachment to

new difficult-to-bond materials.

4. Gages should be evaluated for durability and sensitivity

to hydrogen environments.

5. Gage performance should be evaluated in high acoustic,
vibration, and shock environments.

6. Studies should also be continued on enhancing the present

gage material by heat treating the wire before the gage is
installed.

7. Further characterization of the mechanical and physical

properties of complex candidate materials will be necessary to
permit proper interpretation of strain measurements made on
these materials.
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Chapter 2

Test Procedure

2.1 Description

Government Work Package Task 29 was a development and

testing activity for high-temperature static strain gages in

support of structure and flight testing in the NASP program. A

test procedure was devised to verify the independent test results

on various gages developed by groups as part of GWP29 and to
establish methodologies and data sets for proper utilization of

these gages.
After several months of intense development by NASA

Dryden Flight Research Center, NASA Langley Research
Center, and NASA Lewis Research Center, three gages were
selected for evaluation. These were the dual-element,

temperature-compensated BCL-3 gage (DETCBCL) devel-

oped by Dryden, the compensated gage based on Kanthal A 1

(CKA 1) developed by Langley, and a temperature-compensated,

palladium-chromium gage (PdCr) developed by Lewis. Details

of these gages can be found in references 1.6 and 1.8. All three

gages were tested in the strain gage development laboratories
at all three NASA centers.

The tests selected were those required to determine calibration

curves for using the gages on test structures and for comparing

gage performance. These tests were apparent strain, drift strain,

and gage factor determination. Each test center tested four gages
of each type on specimens of INI00 and SCS-6/13-21S titanium-

matrix composite (TMC) for each of the three test types listed
above. A total of 216 gages were tested.

The gages were tested under conditions in keeping with pro-

gram concerns, including the requirement of recording first-cycle

data. Therefore, the gages were not heat treated or preconditioned

after installation. The heating rates and cooling rates selected were

typical of structural tests and yet within the constraints of the
available facilities. All tests were conducted in air.

2.1.1 Objectives

The major objectives included the following:

1. Determine apparent strain, drift strain, and gage factors

versus temperature for using the gages on test structures and for

comparing gage performance.
2. Estimate the relative reliability for the limited number of

gages tested.
3. Determine the relative suitability of each gage type for

various tests applications.

2.1.2 Success Criteria

Test success was determined by meeting the three objectives.

The first two objectives are self-evident, but the last requires

elaboration. Because at this point there did not appear to be a

"standout" superior gage that was the best gage for all applica-
tions, we decided not to try to recommend one gage over

another. Instead, we chose to evaluate the gages against a set of

parameters by which a user can select a gage for a specific appli-

cation. A test application may require extremely low apparent

strain magnitude and may take so short a time as to allow a large

drift rate. In this application low apparent strain magnitude is

much more important than drift rate. Another test application

may require longer duration measurements where low drift

magnitude is necessary but apparent strain magnitude correc-
tion is somewhat less important. Therefore, the particular

application for which strain measurements are needed will

determine gage selection. Since the gage must survive to

produce valid data, gage survivability is an important param-
eter. The size of the gage installation may be important in some

applications and is therefore included as an evaluation param-
eter. Five evaluation parameters were established to indicate to

the user which gage has the most favorable parameter. Each

evaluation parameter consists of one or more characteristics

that have equal value in determining the relative quality or
usefulness of the gages in each area (e.g., gage factor or

apparent strain). The evaluation parameters and characteristics
are listed in table 2.1. Figures-of-merit evaluation methods for

these parameters are described in section 2.3.

TABLE 2.1.--EVALUATION PARAMETERS

FOR GAGE SELECTION

Evaluation Characteristics

parameter
Apparent strain

Drift rate

Gage factor

Gage size

Survival rate

Magnitude

Cycle-to-cycle repeatability

Gage-to-gage scatter

Slope of apparent strain versus temperature

Magnitude

Ga[_e-to-[a[e scatter

Magnitude

Cycle-to-cycle repeatability

Gage-to-gage scatter

Slope of [ga_e factor versus temperature
Installed area

Transverse sensitivit)_

Number of [al_es survivin_ test
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Figure 2.1 .--IN100 modulus of elasticity.

TABLE 2.2.--TENSILE PROPERTIES OF SCS-6/13-21S TMC

°F °C
77 25

1200 650
1350 732
1500 816

Tempermure Modulus of
elasticity

Msi GPa

17.6 121
13.2 91
13.0 90
12.2 84

Ultimate Failure First elastic
tensile strain, strain limit

strength percent /ae
ksi MPa

131 903 1.3 1000
62 429 .9 1000
59 407 .9 800

49 335 .7 600

TABLE 2.3.--BENDING PROPERTIES OF SCS-6/[5-21S TMC
Temperature Modulus of Ultimate tensile First elastic

oF

77
900

1200

1300
1500

elasticity

°C Msi GPa

25 18.3 !26
482 17.6 121
649 15.2 105

704 12.3 85
816 13.9 96

s_eng_

ksi MPa

209.4 1444
164.3 1133

120.8 833
106.6 735
70.8 488

strain limit,
laE

1700
1380
2100
2200
1100

2.1.3 Test Materials

The IN100 specimen tested in this program was manufac-

tured by Howmet Co. and machined by Port City Machine &

Tool Co. The materials were cast and heat treated for 8 hr at

1975 °F (1080 °C) and then for 12 hr at 1600 °F (870 °C) in

vacuum. A tensile test was then performed by Howmet to

determine the Young's modulus, 0.02% offset and 0.2% offset

yield strengths, and ultimate tensile strength of this batch of

INI00 material. The average results obtained from 16 test

coupons were very close to the Aerospace Structural Metals

Handbook values. The Young's-modulus-versus-temperature

curve for IN 100 is shown in figure 2.1. Material properties data

for the IN100 material were taken from references 2.1 and 2.2.

The SCS-6/[3-21S TMC coupons and load bars were fabri-

cated by Rockwell International and were cut from three

l/8-in.-thick, 16-ply panels with layup of [0, +45, 90]2 s. The
fiber diameter was 5.4 mils and the fiber volume was 39%. Two

panels were evaluated at Langley by three nondestructive

evaluation technologies: magnetic-optical imaging, thermog-

raphy, and ultrasonics (see appendix). Except for warping

panels and surface blemishes called bird's-eyes, the two panels

tested had no defects. The bird's-eyes were not expected to

affect measurements. Dimensional measurements showed that

the warpage was typically 0.15 in. over the 4-in. length of the

coupons.

Material properties data for the TMC' s were to be supplied

by the contractors but were not received. Therefore, Lewis

performed tensile and four-point bending tests and used the

results to select the loads for the gage factor tests. Reference 2.3

describes the tests performed. The properties are given in

tables 2.2 and 2.3. The fit to the coefficient of thermal expan-

sion (CTE) curves is given by

CTE(/F deg) = 2.1913x 10 -6 + 1.9613x 10-9T - 2.5143x 10-13T 2

(2.1)

CTE(/C deg) = 4.6153x 10-6 + 9.9883 x 10-9T - 1.4373 x 10-]2T 2

(2.2)

2.1.4 Gages

The DETCBCL, CKA1, and PdCr gages were tested. Each

center procured its gages and installed them with leads and

thermocouples for testing in all three facilities. Extra gages

were procured to replace gages lost during installation, ship-

ping, or handling. Each center received the following instru-

mented load bars and coupons of each material:

1. One load bar with four DETCBCL gages from Dryden

2. One load bar with four CKA1 gages from Langley

3. One load bar with four PdCr gages from Lewis

4. Two coupons each with four DETCBCL gages from

Dryden

5. Two coupons each with four CKA1 gages from Langley

6. Two coupons each with four PdCr gages from Lewis

Each center tested four gages per specimen times two mate-

rial types times three gage types times three tests for a total of

72 gages. See table 2.4. Each center received a total of 6 load

bars for gage factor tests (3 of each substrate material) and

12 coupons for apparent strain and drift tests (6 of each

material). The total for each center was 18 specimens each with

4 gages for a total of 72 gages. The total number of gages tested

was 216:72 gages of DETCBCL, 72 gages of CKA1, and 72

gages of PdCr.

12



TABLE 2.4.--NUMBER OF GAGES TESTED AT EACH CENTER

Gage

DETCBCL

CKA1

PdCr

Test

A (apparent strain) B (drift strain)
INI00 TMC IN100 TMC

coupon coupon coupon coupon
4 4 4 4

4 4 4 4

4 4 4 4

C & D ([_a_e factor) total
IN 100 bar TMC bar

4 4

4 4
4 4

Total

24

24

24

Rokide-shielded thermocouple spotwelded to substrate (AWG #28, type K, IN600 sheath)

AWG #25, Hoskins 875, Nextel-overbraided lead wire

Figure 2.2--Tag location for apparent strain and drift coupon instrumentation and wiring layout.

TABLE 2.5.--SPECIMEN CODING SYSTEM

Item

Location of

test

Description

Dryden Flight Research Center

Langley Research Center
Lewis Research Center

Symbol
D

A

E

Strain gage Dual-element, temperature-compensated DETCBCL B

type Compensated Kanthal A1 K
PdCr P

Test type Apparent strain
Drift

Ga[_e factor
Serial number supplied with specimen e.g., 1023, 3013, or 1A-4Coupon serial

number

The specimens were identified by two different methods.

The IN100 specimens were marked with vibrator pencil, and

the 13-21S TMC specimens were tagged with a spotweld coded

shim. See figure 2.2. The coding system is given in table 2.5.

For example, a specimen coded as DPD3-23 is a drift test of

PdCr gages at Dryden Flight Research Center. The designator

3-23 is the coupon number for a TMC coupon supplied.

2.1.5 Specimen Preparation and Arrangement

First-cycle data to 1200 °F (650 °C) were collected and
analyzed. Gages requiring heat treatment were heat treated

before being attached to the test bars or coupons. Non-heat-

treated gages were attached and tested with no further heat

treatment on the specimen.
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Notes:
SG = Strain gage
TC = Thermocouple

-..J!L.- 01"

TC(B) ! "

TC(A) -__ TC(C)

SG(3) on back of coupon opposite SG(1)
SG(4) on back of coupon opposite SG(2)
TC(D) on back of coupon opposite TC(A)
TC(E) on back of coupon opposite TC(B)
TC(F) on back of coupon opposite TC(C)

Figure 2.3.--Instrumentation layout for GWP29 coupon.

Four gages were used on each test specimen, two on each

side. On each side of the test specimen there were also three

type K thermocouples to determine temperature and tempera-

ture gradient along the specimen centerline. A total of six

thermocouples were used. (See figs. 2.2 and 2.3.) The thermo-

couples were spotwelded to the substrate and then covered with

Rokide. All thermocouples were identical and installed as

described in chapter 3.
Nextel braided, three-conductor, AWG#25 Hoskins 875 wire

was used for the lead wires (trunk leads). IN600 sheathed,

AWG #28 type K thermocouples were used. The thermo-

couples and leads were 24 in. long. The length in the hot zone

was 13 in. for apparent strain and drift strain tests. Each center

stated the length in the hot zone for gage factor testing.

2.1.6 Test Procedures

The tests performed were apparent strain (test A), drift strain

(test B), and gage factor (tests C and D). Each center used the

strain gage measurement equipment modified as required for

the different types of gage tested. All modifications and uses are

documented in this report. Each center supplied a schematic

representation of their measurement system with instrument

type and model number. Each center calibrated their instru-

ments before testing began. In all tests temperature versus time

was recorded every minute to provide a time-versus-temperature

history. A gage factor setting of 2.0 was used in tests A and B.

After the gages had been installed and before shipment, each

center measured the gage resistance including lead-wire

resistance, the compensator resistance including lead-wire

resistance, the resistance to ground, and the ballast resistance at

room temperature as shown in figure 2.4. This information was

recorded in record 1 as shown in section 2.2. The receiving

center then recorded in record 1 the gage plus lead-wire

resistance and the compensator plus lead-wire resistance. If the

before-shipment and after-shipment values did not agree, each

center was consulted as to the appropriate steps to take.

Also the gage resistance plus lead-wire resistance, the com-

pensator plus lead-wire resistance, the resistance to ground, and

the ballast resistance at room temperature were measured and
recorded in record 2 (section 2.2) before and after each tem-

perature excursion. Record 2 was used for each temperature
excursion and had another record (i.e., record 3, record 4, or

record 5 in section 2.2) attached to it for a data record.

2.1.6.1 Test A (apparent strain).---This test measured ap-

parent strain versus temperature from room temperature to

maximum test temperature for 12 thermal cycles with two

heating and cooling rates as listed in table 2.6. Dala were taken

every 150 F deg (84 C deg) during heatup and cooldown. Test

temperature was taken as the temperature of thermocouple B

on side one with thermocouple E on the other side as backup.

(See fig. 2.3.) A pause was held at each test temperature to

ensure that the temperature had stabilized within ±5 F deg (+3

C deg) during data taking. If needed, a maximum of 10 min was

allowed to stabilize the temperature. To ensure that the coupon

was isothermal, all thermocouples had to agree to within

+5 F deg (+3 C deg). The test temperatures were room tem-

perature and 150, 300, 450, 600, 750, 900, 1050, 1200, 1350,

14



R12 = Re1 + Rg + Re2

R13 = R_I + Rg + R c + Re3

R23 = Re2 + Rc + R _3

Rlg = R_I + Resistance to ground

Figure 2.4.---Schematic representation of gage Rg, compensating element Rc, and lead wires

R£I, Re2, and Re3. R12' R13' R23 and Rlg are measured before and after shipping and
recorded in record 1.

TABLE 2.6.--THERMAL CYCLES FOR TEST A

Cycle Maximum test

_mperature
°F °C

1 1200 650
2 1200 650
3 1200 650
4 1200 650
5 1200 650

6 1200 650
7 1200 650
8 1200 650
9 1350 730

10 1350 730
11 1500 815

12 1500 815

Heating rate

F de_/min C de_/min
10-+5 5.6+3
10-2-_5 5.6+3
60_5 33±3
60-25 33+3
60-+5 33+3
6OL-_5 33_+3
10-25 5.6±3
10-2_5 5.6_+3
10-2:5 5.6_+3
10-2_5 5.6_+3
10±5 5.6±3
10-+5 5.6_+3

Cooling rate

F deg/min C deg/min

10-Z-_5 5.6+_.3
10±5 5.6+_.3
10-25 5.6+3
10-2-_5 5.6+__3

a 60±5 33+3
60-±5 33+3
105:5 5.6-+3
105:5 5.6±3
10-+5 5.6_+3
10_5 5.6"t"3
10"25 5.6+3
10-2:5 5.6±3

a60-+5 F deg/min (33_+3C deg/min) cooling was maintained
until 750 °F (400 °C). Below 750 °F (400 °C),
60+_5F deg/min (33-+3 C deg/min) was maintained as
closely as possible by using natural convection cooling.

and 1500 °F (65, 150, 230, 315,400,480, 565,650, 730, and

815 °C).

The data are presented as plots of apparent strain (_u_) versus

temperature (degrees Fahrenheit and Celsius) and as plots of

time versus temperature for each test run. Data were also

recorded in tabular form in records 2 and 3 for review.

2.1.6.2 Test B (drift strain).--The drift strain was measured

by the following technique: heating the test coupon from room

temperature to the first test temperature at 60-2_5 F deg/min

(33+3 C deg/min); stabilizing at the test temperature and

holding for 4 hr and then cooling to room temperature at 60-2_5 F

deg/min (33+3 C deg/min) (see footnote to table 2.6); repeating

for the second test temperature and so on for each test tempera-

ture; stabilizing the test temperature to within +5 F deg

(+3 C deg) before taking data; and recording data every 15 min

while holding at the test temperature. Convective cooling could

be used below 550 °F (285 °C). The test temperatures were 600,

750, 900, 1050, 1200, 1350, and 1500 °F (315,400, 480, 565,

650, 730, and 815 °C).

The data are presented as plots of drift strain (kt_) versus time

(hours) for each test run. Data were also recorded in tabular

form in records 2 and 4 for review.

2.1.6.3 Test C (gage factor for 1N100 bars ).--B efore start-

ing gage factor testing the testing equipment was calibrated

with a calibration bar of the same geometry as that used for the

gage factor testing. The calibration bar was instrumented with

Micro-Measurements room-temperature or WK foil strain gages.

The equipment was calibrated at room temperature at loads, or

deflections, that produce the strains shown in table 2.7. A

minimum of two room-temperature cycles to _+2000 p£ was

required. The data, including zero shifts and permanent set in

the calibration bar, were recorded. Sufficient room-temperature

gages were installed on the bending calibration bars to permit

variations across the width and faces to bc assessed at the

corresponding gage locations on the GWP29 specimens. A

sufficient number of gages were installed on the tensile calibra-

tion load bars to determine variations across and longitudinally

along the test section.

Before testing, each instrumented GWP29 gagc factor load

bar was mechanically precycled three times at room tempera-

ture to +2000 lag. The gage factor was determincd at selected

strain levels at the indicated temperatures. The process was as

follows: stabilizing the load bar at the test temperature to within

•+5 F deg (3 C deg); recording data at the first temperature for

the five selected strain levels; recording data for all positive

deflections and then all negative deflections; and then increas-

ing the temperature to the next temperature and taking data for

the five strain levels. This process was repeated to the first-

cycle maximum temperature of 1200 °F (650 °C). After the

maximum temperature had been reached, data were recorded

again at each test temperature as the bars were cooled back to
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77

(21)

0

±400

±8OO

+1200

+1600

+2000

TABLE 2.7.--TEST TEMPERATURES AND STRAIN LEVELS

FOR TEST C (INI00 LOAD BARS)

Temperature, OF (*C)

(370) (480) (540) (590) (650) (730) (815)

Strain level, _
0 0 0 0 0 0 0

±400 ± 400 :1:400 :1:400 :1:400 + 400 ±400

±800 :t800 ±800 ±800 ±800 +800 ± 800

+1200 ±1200 ±1200 ±1200 ±1200 +1200 +1200

±1600 ±1600 ±1600 ±1600 ±1600 +1600 ±1600

±2000 ±2000 ±2000 ±2000 ±2000 ±2000 ±2000

77

(21)

0

+300

+600

+900

TABLE 2.8.--TEST TEMPERATURES AND STRAIN LEVELS

FOR TEST D (TMC LOAD BARS)

Temperature, °F (°C)

17001 9001100011100112001135011500(370) (480) (540) (590) (650) (730) (815)

Strain level in tension, lae
0 0 0 0 0 0 0

+300 +300 +300 +300 +300 +300 +200

+600 +600 +600 +600 +600 +600 +400

+900 +900 +900 +900 +900 +700 +500

Strain level in bending, ae
0 0 0 0 0 0 0 0

-400 -400 --400 -400 --400 -400 -400

-800 -800 -800 -800 -800 -800 --800 -800

-1200 -1200 -200 -1200 -1200 -1200 -1200 -1000

room temperature. Heating and cooling rates were 15+5 F

deg/min (84-3 C deg/min). See table 2.7 for strain levels.

Langley performed tensile tests and therefore their load bars

were not placed under compression.

The test sequence was as follows:

1. Cycle l--To 1200 °F (650 °C) and return to room

temperature

2. Cycle 2--To 1200 °F (650 °C) again and return to room

temperature without load

3. Cycle3 To 1200 °F (650 °C) again and return to room

temperature without load

4. Cycle 4---To 1200 °F (650 °C) again and return to room

temperature
5. Cycle 5--To 1350 °F (730 °C) and return to room

temperature
6. Cycle 6--To 1350 °F (730 °C) again and return to room

temperature

7. Cycle 7--To 1500 °F (815 °C) and return to room

temperature
8. Cycle 8--To 1500 °F (815 °C) again and return to room

temperature

The data are presented as plots of gage output versus true

strain (lae) at each temperature and gage factor versus tempera-
ture for each test run. Each center recorded its data in tabular

form in records 2 and 5 for review, including the zero shift for

the two runs. The equation for deriving gage factor from strain

data was included. The determined gage factor and other

corrections were used to correct measured apparent strain data

to true data in test A (lae versus temperature) and test B (bte

versus time). Corrections for permanent set in the load bar were
also made.

2.1.6.4 Test D (gage factor for TMC bars).--The gage

factor was determined from the TMC gage factor calibration
bar surface strains, which were determined from Micro-

Measurements room-temperature or WK gages. Test condi-

tions were the same as specified for test C except for the reduced

strain levels given in table 2.8.

Prior to gage factor testing each instrumented GWP29 gage

factor load bar was mechanically precycled three times at room

temperature to 900 _ae in tension and to 1200 kte in bending.

The test sequence was as follows:

1. Cycle l--To 1200 °F (650 °C) and return to room

temperature

2. Cycle 2--To 1200 °F (650 °C) again and return to room

temperature without load

3. Cycle 3--To 1200 °F (650 °C) again and return to room

temperature without load

4. Cycle 4---To 1200 °F (650 °C) again and return to room

temperature

5. Cycle 5--To 1350 °F (730 °C) and return to room

temperature

6. Cycle 6---To 1350 °F (730 °C) again and return to room

temperature

7. Cycle 7--To 1500 °F (815 °C) and return to room

temperature

8. Cycle 8--To 1500 °F (815 °C) again and return to room

temperature
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The data are presented as for test C plus a plot of GFc/GF D

versus temperature where GF C is the gage factor determined in

test C and GF D is the gage factor determined in test D. Data

were also recorded in tabular form in record 5 for review.

Each center used strain gage measurement equipment modi-

fied as required for different gage needs. All modifications and

uses are documented in this report.

2.2 Example Records

RECORD 1.--NASP GWP29 SHIPPING RECORD

Specimen code:
Test center: [] NASA Dryden [] NASA Langley [] NASA Lewis

Gage type: [] DETCBCL [] CKAI [] PdCr

Substrate: [] IN100 [] TMC

Shipment date:
Electrical resistance of gages before shipment, [2:

Resistance

R12

R13

R23

Rlg

Gale 1 Gage 2 Gage 3

Date of receipt:

Electrical resistance of gages after shipment, i):

Resistance

RI2

R13

R23

Rlg

Gage 1 Ga[_e 2 Gage 3

Gage 4

Ga_e 4

RECORD 2.--NASP GWP29 TEST RECORD

Specimen code:
Test center: [] NASA Dryden [] NASA Langley [] NASA Lewis

Gage type: [] DETCBCL [] CKAI [] PdCr
Substrate: [] IN100 [] TMC

Test type: [] Apparent strain [] Drift [] Gage factor

Date:

Cycle Resistance, f_ ARI2/RI2,

percent

_13]R13 ,

percent

/_ke 23/R23,

percent

Ri2 RI3 R23

As 0.0 0.0 0.0

received

1

2

10

11

12

Resistance, f_
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Specimencode:
Heatingrate:

TC 1

RECORD 3.--APPARENT STRAIN TEST A DATA

Thermal cycle: Gage factor setdng:

Cooling rate: __

Thermocouple output, *F Strain sa_e ouput, pe

TC 2 TC 3 TC 4 TC 5 TC 6 SG 1 SG2 SG3 SG 4

Time,

min

RECORD 4.--DRIFT TEST B DATA

Specimen code: __ Gage factor setting:

Time, Temperature, *F Drift strain, p.e
min

TC B TC E SG 1 SG2 SG3 SG 4

Specimen code:

Temperature,

*F (*C)

77 (21)

700 (370)

900 (480)

1000 (540)

i loo (59o)
1200 (650)

1350 (730)

15o0(815)

SG 1

RECORD 5.---GAGE FACTOR TEST C AND D DATA

Cycle:

Recorded gage factor Maximum Zero Permanent Tare
strain shift set load

SG 2 SG 3 SG 4

Strain

(tare)

Gage laclor _ariation,

pcrcerl[

SG 1 SG 2 SG 3 SG 4
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2.3 Strain Gage Figure-of-Merit

Evaluation Methodology

2.3.1 Introduction

Government Work Package Task 29 required a methodology

that would permit an objective quantitative assessment of

several types of high-temperature strain gage. Therefore, figure-

of-merit evaluation methodology was used to determine the

relative performance of three GWP29 candidate strain gages in

terms of their basic performance characteristics.

The parameters chosen for evaluation were apparent strain,

strain due to drift, gage factor, gage size, and survival rate. The

parameters were divided into characteristics to permit a more

comprehensive assessment of gage performance on the basis of

the figures of merit calculated for each characteristic. Higher

scores indicate superior performance. All figures of merit

defined herein were scaled between 0 and 1, with 1 being the

best score for a particular characteristic. This scaling enabled

the figures of merit for individual characteristics to be summed

to determine an overall figure of merit for a given parameter. It

must be remembered, however, that one of these characteristics

may be more important to an individual user than another

characteristic. Thus, any sums should be used with consider-

able caution in selecting a "best gage" for a particular test.

The methodology as a whole was intended to account for

multiple gages by calculating figures of merit from the average

strain data for a sample of n gages of some gage type i, unless

otherwise noted. Therefore, the user, such as a structural test

engineer, can know statistically what performance to expect for

the strain gage type. The intent was to avoid making figure-of-

merit calculations based on data from individual gages, which

may or may not be statistically indicative of the gage type.

Strain gage behavior generally depends on the time-

temperature history that the gage has experienced, even within

a single cycle. Unless the gages are preconditioned or effec-

tively temperature compensated, first-cycle data tend to differ

from data in successive cycles, and within the first cycle there

tend to be differences between heatup and cooldown. Also,

strain gage installation onto a substrate and the substrate itself

can have profound effects on the strain data. Bearing these

phenomena in mind we defined the figures of merit so as to

separate out, as well as possible, the various effects. Thus, all

figures of merit were based on half-cycle data so that heatup and

cooldown could be treated separately for all cycles.
The individual characteristics related to each parameter

evaluated in this methodology are analogous in some respects
to the characteristics evaluated in instruments. The concepts of

full scale, linearity, repeatability, etc., that are common in

evaluating instruments can be found throughout this methodol-

ogy, although the specific definitions as they relate to high-

temperature strain gages are quite different in many cases from
those associated with instruments.

Several requirements were established for a software package

that could effect the necessary data reduction to do the figure-of-

merit analysis. Automated operation was necessary to enable the

same analysis to be applied to different sets of similar data. As

several types of data needed to be reduced, power and flexibility

in data analysis capabilities were also required, such as numerical

integration and curve fitting for figure-of-merit calculation. Fur-

ther, integrated data analysis and presentation-quality graphics

were necessary to minimize the time required to reduce data for

reporting. An Apple Macintosh-based program, IGOR, from

WaveMetrics was selected. The internal programming language,

extensive data analysis operations, and graphics capabilities in

IGOR met all established requirements.

The data used for the examples in the methodology do not

necessarily reflect data generated from GWP29. In fact, the

apparent strain data shown in the examples are transient apparent
strain for several small samples of experimental derivatives of the

BCL gage. Although different data reduction methods were

used to obtain the data for the examples and the GWP29 static

apparent strain data, the figure-of-merit equations themselves

were exactly the same.
No attempt was made to determine an overall best gage.

Instead, we tried to determine five figures of merit, one for each

evaluation parameter. However, it was not possible to reconcile
the need to report first-cycle data with the relatively large

numbers of cycles being conducted and the three first cycles in

the apparent strain test in a single figure of merit for each

parameter. Table 2.9 shows the reported figures of merit.
Table 2.10, a much expanded version of table 2.9, shows all

individual calculated figures of merit.

2.3.2 Methodology for Calculating Apparent Strain

Figures of Merit

Figures of merit were used to quantitatively evaluate gage

performance in terms of four apparent strain characteristics

over a specified temperature range. The first figure of merit

varies with gage type according to the scatter in apparent strain

data from gage to gage. The second varies with gage type

according to the relative magnitude of apparent strains for two

or more evaluated gage types. The third varies with gage type

according to the magnitude of the slopes of the apparent strain

curves. The fourth varies with gage type according to the

relative repeatability of the evaluated gages.

2.3.2.1 Apparent strain scatter figure of merit.--A funda-

mental user requirement for a strain gage, beyond the desire for

small magnitudes, small slopes, and excellent repeatability, is

that gages of a certain type and of a particular lot exhibit

essentially identical performance. Regardless of the magni-

tude, slope, or repeatability of apparent strain of a single gage,

if the gage-to-gage scatter in the data is large, the gage type
cannot be considered dependable. The area between the 95%
confidence limits is an excellent measure of the scatter. Because
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Parameter

Apparent
strain

Gage factor

(tension)

Gage factor

(compression)

TABLE 2.9._WP29 FIGURE-OF-MERIT SUMMARY

Characteristic Cycle or IN 100

temperature

Scatter C_cle 1

Magnitude

Slope

C:¢ele 9

C_cle 11

Other c:¢cles

C_cle 1

C}:cle 9

C_cle 11

Other c_cles

C]¢cle !

C]¢cle 9

C_,cle 11

Other c_cles

Repeatability C1HU,CICD

Scatter

Magnitude

Slope

Repeatability

C9HU,C9CD

CI 1HU,C11CD

C2CD,C3HU

C1HU,CSCD

C2CD,C4CD

C4HU,C6HU

C_¢cle 1

C]¢cle 5

C]¢cle 7

Other c_cles

C_:cle 1

C_'cle 5

C_¢cle 7

Other c_cles

C_¢cle 1

C}'cle 5

C:¢cle 7

Other c_cles
C1HU,C 1CD

C5HU,C5CD

C7HU,C7CD

Scatter C_¢cle 1

Cycle 5

Cycle 7

Other c_cles

Magnitude C_,cle 1

Cycle 5

C_,cle 7

Other c_cles

Slope C_'cle 1

Cycle 5

Cycle 7

Other c_cles

Repeatability CIHU,CICD

C5HU,C5CD

C7HU,C7CD

CKA1 PdCr DETCBCL CKA1

13-21S TMC

PdCr DETCBCL

half-cycle-to-half-cycle apparent strain characteristics are not

necessarily repeatable, gage-to-gage scatter figures of merit

must be evaluated for individual half-cycles.

The following equation was used to determine the figure of

merit (FoM) for a given strain gage type on the basis of its gage-

to-gage scatter in apparent strain:

F°M[SC(_ app)i, J ]m =

If r_pp_ 1Tlower [U95CL(T) - L95CL(T)]j dTIm

{ _ Tulrper [ u95CL(T) - L95CL( F)]i dT}
'lower m

(2.3)
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Parameter Characteristic

Drift strain Rate

Gage size

Survival rate

Scatter

Installed area

Calculated
transverse

sensitivity,
Sum

Apparent strain

Drift

Gage factor

Overall

TABLE 2.9.---Concluded.

Cycle or IN 100

temperature
CKAI PdCr DETCBCL

600 °F (315 °C)

750 °F (400 °C)

900 °F (480 °C)

1050 °F (565 °C)

1200 °F (650 °C)

1350 °F (730 °C)

1500 °F (815 °C)

600 °F (315 °C)

750 °F (400 °C)

900 °F (480 °C)

1050 OF (565 °C)

1200 °F (650 °C)

1350 OF (730 °C)

1500 OF(815 °C)

1200 °F (650 °C)

1350 OF(730 °C)

1500 °F (815 °C)

1200 °F (650 °C)

1350 OF (730 °C)

1500 °F (815 °C)

1200 °F (650 °C)

1350 °F (730 °C)

1500 °F (815 °C)

1200 °F (650 °C)

1350 °F (730 °C)

1500 OF(815 °C)

CKAI

1_-21STMC

PdCr DETCBCL

0.42 1.00 0.60 0.42 1.00 0.60

0.88 1.00 0.89 0.88 1.00 0.89

1.30 2.00 1.49 1.30 2.00 1.49

where

FoM

SC (£app)

i

J

m

Tupper

Tlower

U95CL(T)

L95CL(T)

figure of merit

scatter in apparent strain, gage to gage

designator for gage type

designator for gage type for which difference

between upper and lower 95% confidence limits

is minimum

designator for half-cycle number

upper temperature limit

lower temperature limit

upper 95% confidence limit

lower 95% confidence limit

The general confidence limit (ref. 2.4) for small samples

(n < 30) is

s (2.4)CL = X_+ t----
_,,"n

where

CL confidence limit

._, sample mean

t Student's t distribution value

s standard deviation for small samples, s - -

n number of samples
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TABLE 2.10.---GWP29 FIGURES OF MERIT

CharacteristicParameter

Apparent
strain

Scatter

Magnitude

Slope

Cycle or

temperature

CIHU

CICD

C2HU

C2CD

C3HU

C3CD

C4HU

C4CD

C5HU

C5CD

C6HU

C6CD

C7HU

C7CD

C8HU

C8CD

C9HU

C9CD

CIOHU

C10CD

CllHU

CI1CD

C12HU

CI2CD

C1HU

CICD

C2HU

C2CD

C3HU

C3CD

C4HU

C4CD

C5HU

C5CD

C6HU

C6CD

CTHU

C7CD

C8HU

C8CD

C9HU

C9CD

C10HU

C10CD

CIIHU

CIlCD

CI2HU

C12CD

C1HU

CICD

C2HU

C2CD

INI00 _-21S TMC

CKA1 PdCr DETCBCL CKA1 PdCr DETCBCL
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Parameter Characteristic

Apparent Slope

strain

Gage factor

(tension)

Repeatability

Scatter

TABLE 2.10.--Continued.

Cycle or

temperature

C3HU

C3CD

C4HU

C4CD

C5HU

C5CD

C6HU

C6CD

C7HU

C7CD

C8HU

C8CD

C9HU

C9CD

C10HU

CIOCD

CIlHU

C11CD

C12HU

CI2CD

C1HU,CICD

CIHU,C2HU

C 1CD,C2H U

C 1CD,C2CD

C2HU,C2CD

C2HU,C3HU

C2CD,C3HU

C2CD,C3CD

C2CD, C4CD

C3HU,C3CD

C4CD,C6CD

C5HU,C5CD

C6HU,C7HU

C6CD,C7CD

C7HU,C7CD

CIHU,CSCD

C9HU,C9CD

C9CD,C 10HU

C10HU,C10CD

C11HU,C11CD

C11CD,C12HU

C 12HU,C 12CD

C1HU

CICD

C4HU

C4CD

C5HU

C5CD

C6HU

C6CD

CTHU

C7CD

IN100 1_-21S TMC

CKA1 PdCr DETCBCL CKA1 PdCr DETCBCL
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TABLE2.10.--Continued.
CharacteristicParameter

Gagefactor
(tension)

Gagefactor
(compression)

Scatter

Magnitude

Slope

Repeatability

Scatter

Magnitude

Cycle or

temperature

C8HU

C8CD

ClHU

C1CD

C4HU

C4CD

C5HU

C5CD

C6HU

C6CD

C7HU

C7CD

C8HU

C8CD

CIHU

C1CD

C4HU

C4CD

C5HU

C5CD

C6HU

C6CD

C7HU

C7CD

C8HU

C8CD

CIHU,CICD

C1HU,C4HU

C 1CD,C4CD

C4HU,C4C'D

C5HU,C5CD

C5HU,C6HU

C5CD,C6CD

C6HU,C6CD

C7HU,C7CD

C7HU,C8HU

C7CD,C8CD

C8HU,C8CD

C1HU

C1CD

C4HU

C4CD

C5HU

C5CD

C6HU

C6CD

C7HU

C7CD

CSHU

C8CD

C1HU

CICD

C4HU

C4CD

C5HU

151100 IB-21S TMC

CKA1 PdCr DETCBCL CKA1 PdCr DETCBCL
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ParameterCharacteristic

Gage factor Magnitude

(compression)

Drift strain

Gage size

Survival rate

Slope

Repeatability

Rate

Scatter

Installed area

Transverse

sensitivit)/

Apparent strain

Drift

TABLE 2.10.--Continued.

Cycle or

temperature

C5CD

C6HU

C6CD

C7HU

C7CD

C8HU

C8CD

C1HU

C1CD

C4HU

C4CD

C5HU

C5CD

C6HU

C6CD

C7HU

C7CD

C8HU

C8CD

C1HU,CICD

CIHU,C4HU

C 1CD,C4CD

C4HU,C4CD

C5HU,C5CD

C5HU,C6HU

C5CD,C6CD

C6HU,C6CD

C7HU,C7CD

C7HU.C8HU

C7CD,C8CD

C8HU,C8CD

600 °F (315 °C)

750 *F (400 *C)

900 °F (480 °C)

1050 °F (565 °C)

1200 * F (650 °C)

1350 OF (730 *C)

1500 °F (815 °C)

60O °F (315 °C)

750 °F (400 *C)

900 °F (480 °C)

1050 °F (565 °C)

1200 °F (650 °C)

1350 OF (730 *C)

1500 °F (815 *C)

1200 *F (650 *C)

1350 *F (730 *C)

1500 °F (815 °C)

1200 *F (650 °C)

INI00

CKA1 PdCr DETCBCL CKAI

1_-21S TMC

PdCr DETCBCL

0.42 1.00 0.60 0.42 1.00 0.60

0.88 1.00 0.89 0.88 1.00 0.89
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Parameter

Survival rate

Characteristic

Drift

Gage factor

Overall

TAB LE 2.10.--Concluded.

Cycle or INI00

temperature

CKA1 PdCr DETCBCL

1350 OF (730 °C)

1200 °F (650 °C)

1350 °F (730 °C)

1500 °F (815 °C)

1200 °F (650 °C)

1350 OF (730 °C)

1500 °F (815 °C)

_-21S TMC

CKAI PdCr DETCBCL

TABLE 2.1 I.--PERCENTILE VALUES (tp) OF STUDENT'S t DISTRIBUTION

WITH n-I DEGREES OF FREEDOM (TWO TAILED)

n-I /0.99 t0.98 /0.90 /0.$0 /0.60 t0.50 to.40 tO.20 /0.10

1 63.66 31.82 6.31 3.08 1.376 1.000 .727 .325 .158

2 9.92 6.96 2.92 1.89 1.061 .816 .617 .289 .142
2.35 1.64 .978 .765 .584 .277 .137

2.13 1.53 .941 .741 .569 .271 .134

5 4.03 3.36 !_i 2.02 1.48 .920 ,727 .559 .267 .132
6 3.71 3.14 1.94 1.44 .906 .718 .553 .265 .131

7 3.50 3.00 1.90 1.42 .896 .711 .549 .263 .130

8 3.36 2.90 1.86 1.40 .889 .706 ,546 .262 .130

9 3.25 2.82 1.83 1.38 .883 .703 .543 .261 .129

10 3.17 2.76 1.81 1.37 .879 .700 .542 .260 .129

I! _[_[ _7,72 _ 1.80 1.36 .876 .697 .540 .260 .129
12 3.06 2.68 2.18 1.78 1.36 .873 .695 .539 .259 .128

13 3.01 2.65 2.16 1.77 1.35 .870 .694 .538 .259 .128

14 2.98 2.62 2.14 1.76 1.34 .868 .692 .537 .258 .128
15 2.95 2.60 2.13 1.75 1.34 .866 .691 .536 .258 .128

Values of t are given in table 2.11 for various sample sizes and

percent confidence limits. As we are subtracting the lower 95%

confidence limit from the upper 95% confidence limit, the

figure-of-merit equation can be expressed another way by

using the general expression

"__ Sapp,n ( T) ]
U95CL(T) - L95CL(T) = [Eapp, n(T) + t0.95 (n) ,,n _]

,0
(2.5)

Thus,

F°M[SC(Eapp)i,J]m =

fT,__,to.95(njjTt_ ) Sapp.%m__(T) drl]
\,,In j ira

.rumto.95(nj) Sap_ (T) dT]

lower \/ J ]m

(2.6)

where

t0.95 Student's t for 95% confidence (Note that the quan-

tity n - l is used for computing or locating tabular

values of Student's t for a sample size n.)

number of gages (samples) of given type

Sapp,n(T) standard deviation of apparent strain for sample ofn
gages as function of temperature

Although ideally the statistical sample size should be the same

for all gage types, this was not always feasible in the event of

gage failures. One such failure-related problem was a gage

failure in midcycle (i.e., during heatup or cooldown at some

fraction of the maximum temperature). In this event the failed

gage (or gages) were eliminated from consideration for the

entire half-cycle. The gage sample size for this half-cycle and

all subsequent half-cycles was decreased by the number of

failed gages. The 95% confidence limit curves were affected,

but the figure-of-merit calculation method was the same. In the

event that gage failures reached the point that the gage sample

size n was only 1 (or 0), this gage type i was assigned a figure

of merit of 0. The reduction in knowledge of and confidence in

gage behavior with increasing failures intuitively implies that

the upper and lower confidence limits tend toward infinity. The
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difference between these curves also tends toward infinity, and

the figure of merit decreases to zero.

EXAMPLE 1: Figure 2.5 illustrates the areas between the upper and lower 95%

confidence limits of the cycle 1 heatup apparent strain scatter curves for gage

types A and B. It is clear from the figure that gage type B had much less scatter

from gage to gage than did gage type A. By using the definition for figure of

merit, we determined the relative merits of these gage types.

Upper and lower 95% confidence limits were obtained from the raw data for

the set of each gage type at each temperature interval. An average apparent

strain curve was determined as well as the standard deviation of the average at

the specified temperature level. Because there can be variation in the tempera-

ture data as well, an average temperature was determined at each specified

nominal temperature. Table 2.12 is a slice of data for gage type B near the

nominal temperature of 1200 °F (650 °C); it shows the averages and standard

deviation obtained. Student's t was found from statistical tables for 95%

confidence by using the appropriate number of gages (table 2.11).

The area between the confidence limits for gage type A was 2 030 380 lae.F

deg from 75 to 1500 °F (20 to 815 °C), and the area between the confidence

limits for gage type B was 172 907 lae.F deg in the same temperature range.

Thus, the figures of merit for these gages are

Gagetype A:

] 172907
F°MSC(E_P )A.B CIHU - 2 030 380

-- 0.09

Gage type B:

FoM[SC(Eapp )B,B ]CIHU -

172 907

172907
- 1.00

in the temperature range 75 to 1500 °F (20 to 815 °C).

Because collecting valid first-cycle data was an important

goal for GW[_9, we calculated figures of merit for both first-

cycle heatup and first-cycle cooldown, as well as for cycles 9

and 11 (both heatup and cooldown) because these are the first

cycles to 1350 and 1500 °F (730 and 815 °C), respectively.

o
:3.

t-

t0
Q.
Q.

6000

4000

2000

0

-2000

• ' '' I ' ' ' I ' ' ' I' ' ' I ' ' ' I'' ' I' '' I ' ' '__

ugscL

0 200 400 600 800 1000 1200 1400 1600

Temperature, °F

Figure 2.5.--Apparent strain scatter figure-of-merit example.

TABLE 2.12.--DETERMINATION

OF CONFIDENCE LIMITS

AT GIVEN TEMPERATURE

[Gage type B; n = 4; nominal

tem )erature, 1200 °F (650 *C).

Gage Apparent strain,

1 -381

2 -296

3 -351

4 -356

Average strain, lae ................... -346

Standard deviation, _ae ........... :1:35.8
Student's t ................................. 3.18

U95CL, lae .............................. -289

L95CL,/.re ............................... -403
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In the general version of the methodology this figure of merit

was defined so that it could be used to look in detail at gage-to-

gage scatter in various temperature subranges, for instance, the

phase transformation temperature range of the BCL gage. In

this example it is clear from the figure that the division of the

scatter data into temperature ranges was not necessary, as the

scatter trend was similar throughout the entire range from room

temperature to 1500 °F (815 °C). For GWP29 the temperature

ranges were from room temperature to the respective maximum

temperatures of the cycles defined above.

2.3.2.2 Apparent strain magnitude figure of merit.--Large

apparent strain magnitudes can magnify measurement errors,

making accurate measurement more difficult when small
mechanical strain levels are to be measured. We awarded a

higher figure of merit to a gage type with smaller apparent
strains.

The following equation for figure of merit was used to

quantitatively evaluate relative gage performance on the basis

of the magnitude of apparent strain:

m

FoM M _ =

(¢app,n,max -_app,n,min )i,rn

(2.7)

where

M/G / magnitude of average apparent strain

Eapp,n, max maximum apparent strain of average of n gages

over entire temperature range

Eapp,n,mi n minimum apparent strain of average of an gages

over entire temperature range

EXAMPLE2: Figure 2.6 shows curves of average first-cycle beatup apparent

swain for four gages each of gage types A and B. Gage type A had significantly

higher peak apparent strain magnitude than did gage type B (and higher average

magnitude, for that matter), and this fact is reflected in the figures of merit for

the two gage types:

FoM[M(¢--_ ] _0-(-3980)_ 3980
[ X apP/A.BIcIHU 17 416-- 0 17 416

= 0.23

FoM[M(_--/ l _0-(-3980) - 3980
[ " aPP"B.BJC]HU 3980

0 - (-3980)

-- 1,00

Note that the maximum magnitude of apparent strain occurred at 1500 °F
(815 °C) for gage type A but at 588 °F (305 °C) for gage type B. Maximum
magnitude of apparent strain may occur at different temperatures for different

gage types. In this case the maximum magnitude for gage type B occurred at
a temperature that may not be in themost useful temperature range for the gage
nor in the most critical temperature range of interest. We therefore caution
against evaluating a gage on the basis of a single criterion.

Note that the apparent strain data were not averaged over the

entire temperature range, as was done for several other figures

of merit in this methodology. Averaging the apparent strain

magnitude over the whole temperature range would tend to hide

the information about the peak (or full scale) values of apparent

strain.

2.3.2.3 Apparent strain slope figure ofmer/t.---Sensitivity to

temperature (slope) is another characteristic of high-temperature

strain gages that can contribute to uncertainty in strain measure-

ment. Gage types that are less sensitive to temperature, and thus

have smaller apparent strain slopes, were awarded higher figures

of merit than gages with large apparent strain slopes.

(D

t-

t_

t-I
<

20x103
, , , i , , ,I, ,,l_,,|,, , i ,, ,i , , , i , , ,

Gage Type A

Max ¢app: 17416 lie

15 /
10

Gage Type A

Min Eapp: 0 p,E

5 Gaae TvDe B _

0 _eTypeB _" "

"_ Min Eapp: -3980 I.t_

.5; p , , I , , , I , , ; I ; , , IG--, , I , , , I , , t I j j ,
0 200 400 600 800 1000 1200 1400 1600

Temperature, °F

Figure 2.6.--Apparent strain magnitude figure-of-merit example.
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The following equation was used to quantitatively evaluate

relative gage performance from the slope of average apparent
strain:

FoM SL
Tlowe r _ dT )jm

(2.8)

where

SL(e_pp) slope of average apparent strain

designator for gage type for which average slope

is smallest over temperature range

deapp, n (T) derivative of average apparent strain curve of n

dT gages with respect to temperature

The equation was defined in a manner to account for an

apparent strain curve which had its slope evenly distributed

with both positive and negative values across the temperature

range of interest. By integrating the absolute value of the
deft vative rather than the derivative itself, positive and negative

slopes were accumulated, making the figure of merit an accu-

rate measure of slope.

EXAMPLE 3: Figures 2.7 and 2.8 show, respectively, the apparent strain

versus temperature and the derivative of the apparent strain versus temperature

for gage types A and B. Average slopes were obtained from the instantaneous

derivatives by averaging across the temperature range from 75 °F (25 °C) to the

maximum temperature, 1500 °F (815 °C) in this example. The average slopes

were included in figure 2.7.

The figures of merit for gage types A and B are

FoM[SL( ----3] 170l'71
L \ apP/A,BJcIHU=11 09 .81- 0.63

17011.71

The importance of the slope of apparent strain as a performance

parameter is evident in these data. If there were a 5 F deg (3 C deg)

error in the temperature measurement, gage type A would have an

average error in measured strain of 38 la£ and gage type B, 25 _u_.

2.3.2.4 Apparent strain repeatability figure of merit.-

Repeatability of apparent strain is an important requirement in

any application where temperature excursions will be made,

even for a single cycle. Many phenomena affect the repeatabil-

ity of the apparent strain of the high-temperature strain gage

itself: oxidation, heating and cooling rates, metallurgical phase

transformations, and residual stresses in the gage installation,

among others. In addition, substrate phenomena, such as warp-

ing, creep, viscoplasticity, and relaxation of residual stresses,

can significantly affect the gage' smeasured apparent strain. All

of the various effects combine to make high-temperature strain

gages very dependent on the thermal history of the gage and
substrate.

The thermal history must be considered to make meaningful

figure-of-merit comparisons among the different gage types.

Apparent strain repeatability typically improves considerably

after the first thermal cycle. The goal of obtaining valid first-

cycle data required that this method be able to account sepa-

rately for the first cycle and for subsequent cycles.

The following equation was used to determine the figure of

merit for a given gage type on the basis of apparent strain

repeatability:

10x10 3

6

t-

4

(E

2

o. 0<

-2

-4

o

- Gage Type 'A'

Avg Magn

200 400 600 800 1000 1200 1400

Temperature, °F

Figure 2.7.--Apparent strain slope figure-of-merit example.

i
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Figure 2.8.--Apparent strain derivatives for slope figure-of-merit example.

f LT Eapp.n.,n_( T) - Eapp.,,.m-(T) j dr

JT / app.n,,.

FoM[R(_---_ ] _ 897 925
t _ aPPIA,BJoHu,C]CD 897 925

1 _897925
(2.9) I _' apP/B,BJcIHU,CICD 1 744 220

= -- = 1.00

- 0.51

where

R(e_pp) repeatability of average apparent strain

m l

m 2

designator for gage type for which apparent

strain deviation is minimum for all gage types

designator for first half-cycle number

designator for second half-cycle number

eapp.n,m(T) average apparent strain of n gages for given

half-cycle as function of temperature

The GWP29 test plan called for 12 apparent strain cycles on

each coupon. It is easy to see that with 12 cycles (24 half-cycles)

this method could become cumbersome. However, not all of the

possible comparisons that could be made are important.

Table 2.13 indicates the cycles for which figures of merit were

calculated and describes the designated half-cycles.

EXAMPLE4: Figure 2.9 shows the areas between the first-cycle beatup and

first-cycle cooldown of gage types A and B. The areas between these curves for

the two gage types, as calculated by equation (2.9), were 897 925 la_.F deg for

gage type A and 1744 220 ge. F deg for gage type B, over the temperature range
75 to 1500 °F (20 to 815 °C).

These areas yielded the following figures of merit:

2.3.3 Methodology for Calculating Drift Strain

Figures of Merit

Figures of merit were used to quantitatively evaluate gage

performance in terms of two drift strain characteristics over a

specified time period. The first varies according to the drift rate

of the evaluated gages. The second varies according to the

scatter in drift strain data from gage to gage.

2.3.3.1 Driflratefigure ofmerit.--Becausc drift is a time-

dependent property by definition, the drift ratc, rather than the

absolute drift itself, is more important as a performance char-

acteristic when evaluating gage types. Complicating the evalu-

ation of drift characteristics is the fact that drift rates themselves

are a function of both time and temperature. Figures 2.10 and

2.11 graphically illustrate these points. Figure 2.10 demon-

strates that the drift rate can vary significantly with tempera-

ture, meaning that a separate figure of merit had to be evaluated

for all gages in the test matrix at each test temperature. The time

period over which the figure of merit was calculated had to be

carefully selected because, as is shown in figure 2.1 I, the drift

rate also depends on the elapsed time during the test. The early

part oftbe test, up to 4 hr, was characterized by high drift rates.

After 4 hr the drift rate became much more moderate, and after

12 hr the drift rate was essentially constant. Although time

periods of this length were not used in GWP29 tests, the

reasoning remains the same: drift properties must be evaluated
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TABLE 2.13.--APPARENT STRAIN REPEATABILITY COMPARISONS

Cycle

desi_ations

C1HU, C1CD

C1HU, C2HU

C1CD, C2HU

C1CD, C2CD

C2HU, C2CD

C2HU, C3HU

C2CD, C3HU

C2CD, C3CD

C2CD, C4CD

C3HU, C3CD

C4HU, C6HU

C4CD, C5CD

C5HU, C5CD

C6HU, C7HU

C6CD, C7CD

C7HU, C7CD

C1HU, C8CD

C9HU, C9CD

C9CD, C 10HU

CIOHU, C10CD

CI IHU, CllCD

CI ICD, C12HU

CI2HU, C12CD

Description of cycles

First cycle

First two heatups

First retraceability
First two cooldowns

Second cycle (effect of thermal cycling)

First faster heatup change of rate

First retraceability comparison involving rate change

Effect of intermediate heatup at higher rate

Effect on cooldown of intermediate cycle with fast heatup

First cycle at fast heatup rate

Effect on heatup of faster intermediate cycle

First faster cooldown change of rate

First cycle at fast cooldown rate

First slower heatup change of rate

First slower cooldown change of rate

Return to slow heating and cooling rates

First and last 1200 °F (650 °C) half-cycles

First cycle to 1350 °F (730 °C)

First retraceability comparison to 1350 °F (730 °C)

Second cycle to 1350 °F (730 °C)

First cycle to 1500 °F (815 °C)

First retraceability comparison to 1500 °F (815 °C)

Second cycle to 1500 °F (815 °C)

10x103

_L 6

.¢_"
4

_- 2

Q..
o. 0<

-2

-4

Gage Type 'A'

897925 t_°F

Gage Type 'B'

Area: 1744220 #e°F

200 400 600 800 1000 1200 1400

Temperature, °F

Figure 2.9.--Apparent strain repeatability example.

1600

at discrete temperatures rather than across temperature ranges,

and the time interval over which drift is considered is important.

The following equation was used to determine the figure of

merit for a given strain gage type on the basis of drift rate:

d17 :J, l

( dedrif t (17) / d'C

dX )i,T I

(2.10)

where

T

171

172

dEdrift (17)

dx

magnitude of average drift rate as a function of
time at constant temperature

designator for temperature level

time l, start of time interval

time 2, end of time interval

derivative of average drift strain with respect to

time at constant temperature
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Figure 2.10.--Average 4-hr drift rate versus temperature.
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Figure 2.11 .--First-cycle, untreated-BCL gage prestabilization drift.
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EXAmpLE5: As noted above, it was necessary to select the temperature and
the time interval or intervals over which figures of merit would be calculated.

Because the example data shown for gage types A and B in figure 2.12 are for

1500 °F (815 °C), the selection of temperature for the example was easy. Three

time intervals (1,2, and4 hr) were selected for the example to illustrate the time

dependency of the drift rate and that it may be best to evaluate drift properties

over several time intervals when selecting a gage if the test duration is such that

there is a large change in drift rate. For GWP29 the time period was 4 hr.

The drift rates for the first hour of the test shown in figure 2.12 were

- 151 IxF../hrfor gage type A and - 174 pg/hr for gage type B. The figures of merit

for these two gages

Gage type A:

Gage type B:

F°MIM/ +'*I] :::::I
L " "_" B,AALSO0

-- 0.87

indicate that gage type A was somewhat better than gage type B in terms of drift
rate for the first hour of a soak at 1500 °F (815 °C). For the first 2 hr of the test

the average drift rates for the two gages were -129 _dhr for gage type A and

-136 Ixe/hr for gage type B. The figures of merit for the two gage types

Gage type A:

1 +
L "---]A AJ1500 1-1511

- 1.00 1 ,29
L _--"A AJ1500 1-129[

= -- = 1.00
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Figure 2.12.--Drift strain comparison for gage types A and B.
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Figure 2.13.--Drift scatter comparison for gage types A and B.

Gage type B:

L ,.--iS A_1500 1-1361

0.95

indicate that gage type A was still better than gage type B over this time interval

and that the margin of superiority was less than over the first hour. For the full

4 hr of the test the average drift rates of the two gages were -103 lardhr for gage

type A and-136 I.te/hr for gage type B. The figures of merit obtained for these

two gages

Gage type A:

-,0,
L "---:A AJIS00 [-103[

- 1.00

Gage type B:

L \ '_/B,A J1500

indicate that gage type A was even better over the 4-hr period than over the 1-hr
and 2-hr periods, in comparison with gage type B. The significance of this

superiority depends on the application.

2.3.3.2 Drift strain gage-to-gage scatter figure of merit.-

It is important that the gage-to-gage scatter be small in order to

give confidence in the corrections for drift applied to test data.

The area between statistical limits, such as 95% confidence

limits, provides an excellent measure of the scatter in data over

a wide range. Figure 2.13 shows the area between the 95%

confidence limits for gage types A and B.
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Thefollowingfigure of merit was used for evaluating strain

gages on the basis of gage-to-gage scatter in the drift data:

(2.11)

where

SC(earift)

J

U95CL(x)

L95CL(x)

scatter in drift strain data

designator for gage type for which difference

between upper and lower 95% confidence limits

is minimum

upper statistical limit as function of time at con-

stant temperature

lower statistical limit as function of time at con-

stant temperature

This equation can be simplified in the same manner as equation

(2.1) such that

t to'95(nj) Ir d'c
\,,,nj T

_dnft,.,('0 ],%
(2.12)

where

Sdrift,n(X ) drift strain standard deviation for sample of n gages

as function of time at constant temperature

EXAMVt26: Although it is evident from figure 2.13 that gage type A had

lower drift rates than gage type B, it is not as evident that the area defining the

amount of scatter in the gage was smaller in all time periods of interest. Over

the first hour of the test gage the scatter was 21 ta_.hr for gage type A and

32 la_.hr for gage type B. Thus, the figures of merit for the two gage types were

Gage type A:

= _ = 1.O0

Gage type B:

, =_ =0.66

For the first 2 hr of the test the gage scatter was 81 la_.hr for gage type A and

125 itm.hr for gage type B. Thus, the figures of merit for the two gage types were

Gage type A:

FoM[SC( ] _81
t drift/A'A JlSO0 81

- -- =1.00

Gage type B:

• 125
- 0.65

Finally, for the whole 4 hr of the test the gage scatter between the statistical

limits was 300 I.tE.hrfor gage type A and 461 I.m-hr for gage type B. Thus, the

figures of merit for the two gage types were

Gage type A:

[ ] 3o0FoM SC(Edrift)A, A 15130 - _ - 1.o0

Gage type B:

, = _ = 0.65

It is coincidental that the figures of merit were so close for gage

type B for all three calculations. Clearly, gage type A had less

scatter in the drift data from gage to gage and thus is a better

gage from that standpoint.

Table 2.14 summarizes the drift characteristic figures of

merit for gage types A and B. Only the figures of merit

calculated for the period 0 to 4 hr were used for GWP29. Those

for the other time periods show that figures of merit can change,

depending on the time period over which they are calculated.

For each time period table 2.14 sums the individual figures

of merit for each performance parameter for each gage type to

obtain a composite score. Summing characteristics in this way

enables the user to determine from one set of numbers how the

gages compare with one another for a given parameter. This

table shows that gage type A was superior to gage type B, in

TABLE 2.14.--FIGURES OF MERIT FOR DRIFT CHARACTERISTICS

 oMIsc(   )lXFoM
Otol hr

.87 .66 1.53

0to2 hr

.95 .65 1.60

0to4 hr

lo0 [ l o0 1 2o0.76 .65 1.41
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TABLE 2.15.--SUMMARY OF DRIFT RATES

AND DEVIATIONS

Gage Mean Average Percent
type drift deviation deviation

rate, from from mean

larUhr mean,
lar_hr

1050 OF (565 °C)

C -50 1.8 3.60

D -26 2.0 7.69

E -88 6.9 7.84

1200 OF (650 °C)

C 7 0.8 11.43
D 12 1.3 10.83

E -81 7.2 8.89

1350 OF (730 °C)

C -19 1.6 8.42

D -58 2.5 4.31
E -118 10.0 8.47

1500 °F (815 °C)

C -37 2.2 5.95
D -149 10.3 6.91

E -181 16.6 9.17

both drift rate and gage-to-gage scatter aspects of drift perform-

ance, over all time periods of interest up to 4-hr duration.
Table 2.15 is another way of presenting similar information.

It shows the mean values for drift rate at each temperature in the

test matrix, as well as the average deviations from the mean for

each gage type. In this table all time intervals for comparison
are the same, 1 hr. Three new gage types are introduced here

as data for them were readily available from past work.

The gage types are gage type C--prestabilized, preconditioned

BCL; gage type D--untreated BCL; and gage type E--NZ-
2104--120L.

2.3.4 Methodology for Calculating Gage Factor

Figures of Merit

Figures of merit were used to quantitatively evaluate strain

gage performance in terms of four gage factor characteristics

over a specified temperature range. The first varies with gage

type according to the scatter of the gage factor from gage to

gage. The second varies with gage type according to the

magnitude of the gage factor over a specified temperature

range. The third varies with gage type according to the sensitiv-

ity of gage factor to temperature. The fourth varies with gage

type according to the repeatability of gage factor with cycling.

The figures of merit that are defined here are all referenced

by cycle. Caution must be observed in interpreting these

definitions with regard to the implied dependency of gage

factor on cyclic effects. Gage factor is an intrinsic property of

a strain gage alloy; thus, the true gage factor should not change
with thermal or mechanical cycling. However, because the

strain gage is attached to a substrate by various means, there can

be the appearance of gage factor changes due to cycling. These

apparent changes in gage factor are the result of changes due to

cycling within the gage attachment, within the interface between

the gage attachment and substrate, and/or within the substrate

itself. Because the performance of the strain gage system

depends on its attachment, it is appropriate that the effects of

cycling on the attachment are reflected in the figures of merit.

Gage factor can vary depending on whether the gage was

loaded in tension or in compression, and this behavior may

differ from gage type to gage type. Accordingly, separate

figures of merit were calculated for tension and compression.
In all of the analyses that follow, all corrections for factors such

as lead-wire resistance, gage standoff, and gage factor setting

were assumed to have already been made to the data. This

approach was required for analyzing actual GWIr29 test data.
2.3.4.1 Gage factor scatter figure of merit.--A fundamen-

tal user requirement for a strain gage, beyond the desire for

large gage factors or low temperature sensitivity, is that gages
of a certain type and of a particular lot exhibit essentially

identical performance. Regardless of the magnitude, tempera-

ture sensitivity, or repeatability of gage factor for a single gage,

if the gage-to-gage scatter in the data is large, the gage type

cannot be considered dependable. The area between the 95%
confidence limits is an excellent measure of the scatter.

The following equation was used to determine the figure of

merit for a given strain gage type on the basis of its gage-to-gage

scatter in gage factor:

FoM[SC(GF)i,j,I]m =

If_T[_'[U95CL(T)- L95CL(T)]j, tdT]m

[[TpP"[U95CL(T ) - L95CL(T)]ildTIm
J Tlow¢ r

(2.13)

where

SC

J

scatter in gage factor, gage to gage

designator for gage type for which difference between

upper and lower 95% confidence limits is minimum

designator for tension or compression

This equation can be simplified in the same manner as equa-

tion (2.1), such that

F°M[SC(GF)i,j,I]m =

\,'nj m

(2.14)
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where

SGF_(T) gage factor standard deviation for sample of n gages

as function of temperature

The requirement for valid first-cycle data necessitated that a

figure of merit be calculated for the first cycle. For a prospective

user, data were obtained in which the effects from the strain

gage installer and the attachment technique and/or the substrate

were minimized. These data were the average of second-cycle

heatup and cooldown to each maximum temperature and can be

used as additional figures of merit for gage factor.

EX.,UvlPLE7: Figure 2.14 illustrates the areas between the upper and lower
statistical limits of the gage factor scatter curves for gage types A and B. By

using the preceding definition for the figure of merit, we determined the relative

merits of these gage types.

The areas between upper and lower 95% confidence limits are

136.50 GF.F deg for gage type A and 133.25 GF-F deg for gage type B over the

temperature range 75 to 1500 °F (20 to 815 °C), yielding the following figures
of merit:

Gage type A:

SC(GF)A.B,o t ] 133.25FoM
C2HU 136.50

= -- = 0.98

Gage type B:

SC(GF)B,B,o t ] 133.25FoM
c2nu 133.25

- 1.00

Although the figures of merit permit an accurate quantitative

comparison of multiple gage types, they tend to mask certain

important facets of the data. Gage type B had a slightly superior

figure of merit over the whole temperature range from 75 to

1500 °F (20 to 815 °C) than did gage type A, but above 900 °F

(480 °C) gage type A clearly exhibited less scatter than gage

type B. If we assume, for example, that some low-temperature

strain gage with excellent scatter properties was used in parallel

with the high-temperature gage to 900 °F (480 °C), overall

measurement accuracy would actually be worse if gage type B

were selected for the high-temperature part of a test solely on

the figure of merit. This is all the more reason for the user to be

careful when interpreting figures of merit calculated over broad

temperature ranges without regard for the regions in which data

overlap--important aspects of gage behavior may disappear in

the calculations.

2.3.4.2 Gage factor magnitude figure of merit.--In general,

it is beneficial to use a gage with a high gage factor, with added

benefits from smaller changes in temperature sensitivity and

linearity of gage factor versus temperature. This benefit is

illustrated graphically in figure 2.15, where gage type A has the

higher average gage factor throughout the temperature range

from 75 to 1500 °F (20 to 815 °C) and gage type B has less

change in sensitivity and less nonlinearity.

The following equation for figure of merit was used to

quantitatively evaluate relative gage performance on the basis

of the magnitude of average gage factor:

Tu_'= _ i,l (T)dT

Tu GVj,(r)drl
J_.... ' J_

(2.15)

where

2.5

2.4

2.3

2.2

2.1
n

2.0
t_

1.9

1.8

1.7

1.6 i

0

- ! i ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' '

Type 'A'

Gage Type 'B'

, I , , , I , , , I , , , I , , , I , ,

200 400 600 800 1000

Temperature, °F

1200 1400

Figure 2.14.--Gage factor gage-to-gage scatter.
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J

magnitude of average gage factor

designator for gage type with largest gage-factor-

versus-temperature area

Using the quotient of the areas under the gage-factor-versus-

temperature curves for each gage type accounts for the varia-

tion in gage factor magnitude over the temperature range of

interest• The gage-factor-versus-temperature curve for each

gage type i is the average curve for a sample of n gages of that

type. In this way the figure-of-merit calculation is statistically
more meaningful than a calculation based on gage factor for a

single gage.
EXAMPLE8: The areas under the gage-factor-versus-temperature curves for

gage types A and B in figure 2.15 are 3090.48 GF.F deg for gage type A and

2671.12 GF.F deg for gage type B. The figures of merit for these gages are

Gage type A:

FoM[M(GF)AAOt]c2rt U _3090.48
• ' 3090.48

- 1.00

Gage type B:

] 2671.12FoM M(GF)8,A,o t c2Hu 3090.48
- 0.86

2.3.4.3 Gage factor temperature sensitivity figure of

merit.--Gage factor changes with temperature can contribute

to uncertainty in strain-gage-based measurements. Desensiti-

zation of the strain gage alloy as the temperature increases

reduces the gage output, making the strain-measuring system

more susceptible to errors. Further, gage factor changes tend to

be nonlinear for high-temperature strain gages, making calibra-

tion of a strain gage type with respect to gage factor that much

more difficult. A figure of merit ranging from 0 to 1 will be

calculated for each gage type, where a higher number indicates

less gage factor change with temperature.

The following equation was used to quantitatively evaluate

relative gage performance on the basis of the gage factor

temperature sensitivity, or slope:

F°MESL/ /,j,Io: (2.16)

where

F

dGF(T)

dT

average slope of gage factor

designator for gage type which has least gage factor

sensitivity to temperature

derivative of average gage factor curve with respect

to temperature

EXAMPt._ 9: Figure 2.16 shows the average gage factor slope for samples

of two strain gage types, A and B. Gage type A has an average slope over the

temperature range from 75 to 1500 °F (20 to 815 °C) of-4.42 x 10 3 G F-F deg,

and gage type B has an average slope of -2.25 × 10 -3 GF.F deg over the same

range. Thus, the figures of merit for these gage types are

"6
t_

ii
ID

t_
o

2.5

2.4

2.3

2.2

2.1

2.0

1.9

1.8

1•7

1.6
0

, , , i , , , i , _ , i , , , i, , , i , , , i , , , i

//Gage Type 'A'

Gage Type 'B'

200 400 600 800 1000 1200 1400

Temperature, °F

Figure 2.15.--Areas beneath gage-factor-versus-temperature curves.
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Figure 2.16.---Gage factor sensitivity to temperature.

!

1600

Gage type A: where

-2.25 x 10 -3

Gage type B:

- 0.51

- -2.25x 10 -3 -

1.00

2.3.4.4 Gage factor repeatability figure of merit.--Repeat-

ability of the gage factor of the swain gage alloy itself was not

an issue because it is an intrinsic property of the alloy. The

effective gage factor was determined by the amount of strain

transfer from the substrate to the strain gage. This effective

gage factor was subject to the attachment technique and the skill

of the technician. Repeatability of this effective gage factor

because the strain gage was attached to a substrate was the

reason for defining a repeatability figure of merit for gage

factor. Repeatability had to be considered between like loading

cycles (i.e., either both tension or both compression).

The following equation was used to determine the figure of

merit for a given gage type on the basis of repeatability of gage
factor:

fT_F ¢T)-GF m (T) dT

FoMFR(@I l JTl°wer v m ' 2 j,I

= e Tupp= I

L x ti,j, lJml,m2 / IGFm (T)-GFm(T)itdTaTlow__I l

(2.17)

GFm (T)

repeatability of gage factor

designator for gage type for which gage factor

deviation is minimum for all gage types

average gage factor of n gages for given half-cycle
as function of temperature

The GWP29 test procedure included four thermal cycles to

a maximum temperature of 1200 °F (650 °C), with mechanical

loading cycles conducted at several intermediate temperatures

during the first and fourth cycles. Also included were two
thermal cycles to each of the maximum temperatures, 1350

and 1500 °F (730 and 815 °C), with mechanical loading cycles

conducted at several intermediate temperatures during each

thermal cycle. As was the case with apparent strain repeatabil-

ity, not all combinations of half-cycles that can be made are

significant. Table 2.16 indicates the combinations considered

important and describes the designated half-cycles.
EXAMPLE 10: Figure 2.17 shows data for two heatup half-cycles for gage

types A and B. The areas between the two beatups are 43.8036 GF.F deg for

gage type A and 27.2744 GF.F deg for gage type B, yielding the following

figures of merit:

Gage type A:

FoMFR(_) l 27.2744

EL x tA'B'°t JClrfU,C21-1U 43.8046

0.62

Gage type B:

] 27.2744FoM R(G-F)B,B,o r C|HU,C2HU -- 27.2744
- 1.00
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TABLE 2.16.---GAGE FACTOR REPEATABILITY COMPARISONS

DescriptionC]¢cles
CIHU, C1CD
CIHU, C4HU
C1CD, C4CD
C4HU, C4CD

C5HU, C5CD
C5HU, C6HU
C5CD, C6CD
C6HU, C6CD
C7HU, C7CD
C7HU, C8HU
C7CD, C8CD
C8HU, C8CD

First cycle to 1200 °F (650 °C) (likelihood of deviationsis greatest)
First two heatups to 1200°F (650 °C) withmechanical loading
First two cooldowns from 1200°F (650 °C) withmechanical loading
Second cycle to 1200 °F (650 °C) with mechanical loading (compare

with C1HU, C1CD)
First cycle to 1350 °F (730 °C) (likelihood of deviationsis greatest)
First two heatups to 1350°F (730 °C) (check on heatup effects)
First two cooldowns from 1350 °F (730 °C) (checkon cooldown effects)
Second cycle to 1350°F (730 °C) (compare with C5HU, C5CD)
First cycle to 1500 °F (815 °C) (likelihood of deviations is greatest)
First two heatups to 1500 °F (815 °C) (check on heatup effects)
First two cooldowns from 1500°F (815 °C) (check on cooldown effects)
Second cycle to 1500°F (815 °C) (compare with C7HU, C7CD)
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Figure 2.17.--Repeatibility of gage factor.

2-3.5 Methodology for Calculating Gage Size

Figures of Merit

Figures of merit were used to quantitatively evaluate strain

gages in terms of two gage size characteristics. The first varies

with gage type according to the respective areas required for the

gage installations. The second varies with gage type according
to the estimated transverse sensitivity of the respective gages.

2.3.5.1 Gage installation area figure of merit.--The area

required for a strain gage installation can determine whether the

gage can be used for a particular application, depending on the

envelope into which the gage must fit and the space surrounding

the gage in which to work. A large strain gage may not fit into

the available area, so regardless of its performance, it may not
be the gage of choice for an application where the available area
is small.

The area required for a gage installation is defined as the

product of the minimum length times the minimum width

required for the strain gage, including the minimum area

required for any and all precoats, overcoats, straps, etc., used to

attach the gage to the substrate. The following equation was

used to determine the figure of merit for a given strain gage type

on the basis of the area required for the gage installation:

FoM(A, j)= (Overall length × Overall width)j
• (Overall length x Overall width)/

where

A

J

Overall length

Overall width

(2.18)

area required for installed gage

designator for gage type for which area

required for gage installation is minimum

grid length plus added length for installation

grid width plus added width for installation
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EXAMPLE l 1: The relative sizes of the three GWP29 gages when installed are

shown in figure 2.18. Their dimensions are shown in figures 2.19 to 2.21. The

overall areas of the DETCBCL, PdCr, and CKAl gages were 0.24, 0.15, and

0.36 in, 2, respectively.

DETCBCL:

CKA1 :

PdCr :

) 0.5 x 0.3
FoM ADETCBCL, PdCr 0.6 X 0.4

- 0.62

) 0.5 x 0.3 0.42FoM ACKAI ' PdCr 0.6 × 0.6

) 0.5 X 0.3FoM Apacr ' PdCr 0.5 × 0.3
1.00

2.3.5.2 Transverse sensitivity figure of merit.--Testing the

transverse sensitivity of the gages was beyond the scope of

GWP29, but the relative transverse sensitivity of each gage

type was estimated from the respective gage geometries. The
transverse sensitivity of a gage was estimated from the resis-

tance changes of the individual elements. The equation (ref. 2.5,

p. 60) for the transverse sensitivity of a single element is

AR/R I

Et JEa= 0

\ ea )E,=o

(2.19)

where

r,
AR

R

%

E t

transverse sensitivity of gage

change in resistance of gage

initial (unstrained) resistance of gage

strain axial direction

strain in transverse direction (=-re a in uniaxial strain
field, where v is Poisson's ratio of substrate)

Et=O

Ea=0

corresponds to calibration under conditions such that
there is strain at fight angles to direction of gage axis

but none parallel to gage axis

corresponds to calibration under conditions such that

there is strain in direction of gage axis but none at

fight angles

The equation (ref. 2.5, p. 62) for change in resistance was
estimated in terms of a resistance per unit length and the length

affected by strains in a given direction:

ARx = _LxGFe x (2.20)

where

AR X

q_

L x

GF

E x

change in resistance due to strain in given direction X

resistance per unit length of gage wire

length of gage wire affected by strains in X direction

gage factor of element

strain in X direction

For a strain gage bonded to a substrate subjected to a uniaxial

strain field, applying equation (2.20) resulted in the following:

sOn) aae lemont-- L,

le O b,  swrses  n/ ,1  221,
where

ARelement

Relement

Lelement

change in resistance of individual gage element,

active or compensating

initial (unstrained) resistance of element

initial (unstrained) length of element

PdCr CKA1 DETCBCL

_NNNN

Figure 2.18.--Relative sizes (in inches) of GWP29 strain gages when installed.
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Figure 2.19.DDimensions of the dual

element, temperature-compensated

BLC gage (in inches).

T
.25

.22

°

i
Figure 2.20.--Dimensions of compesated

Kanthal A1 gage (in inches).

The resistance changes in the individual elements were then

combined to give the resistance change for the gage,

Agactive + ARcompensating

zs,g/ggag e - gactiv e + gcompensating
(2.22)

As the following example shows, the transverse and axial

strains, e t and e a, in equation (2.22) mathematically cancel out

of the numerator and denominator, respectively.

EXAMPLE 12: Figures of merit for the relative transverse sensitivities of the

three GWP29 gages were calculated. It is important to note that these are only

relative numbers. The only precise method for determining transverse sensitivity

-'_--.183-------_

.q-.095-_
• | I ) I

p

Figure 2.21 .--Dimensions of palladium-

chromium gage (in inches).

is testing. However, for the purposes of computing figures of merit, which are

themselves relative relationships between the gages, the approach outlined here

provided a meaningful way to assess gage performance with respect to

transverse sensitivity.

In applying equations (2.19) to (2.22) to the CKAI gage, note that because

there was negligible strain in the compensating dement, the resistance terms

for the compensating element in equation (2.21) were assumed to be 0. From

equation (2.21 )

120 [- f 0.0112 + nO.Oll2/e
ARcKAI = --267/610210-2-- 4 ) a

LCKA] [_ \ 2

+trt --
0.0112 ]

c
4 t

where

0.0112 0.0112 /LCKA] = 6 0.210 - 2 -- + 7t-- = 1.2_; in
2 2

so that

ARcKAI = 246.841(1.2456E a +00528_t)

Inserting these values into equation (2.19) gave the transver, e sensitivity of the

CKAh

246.841[1.2456(0)+0.0528et]/120

Et

Kt'CKA' = 246.841[1.2456e a + 0.0528(0)]/120

_a

0.0528
--= 0.0424 = 4.24%
1.2456
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Thepertinent gage factor and resistance quantities of the DETCBCL gage

wePe

GFactive = 2.36 GFcompensating-4

Ractive = 120.00 Rcorapensating = 1.57

From equation (2.21 ) the resistance change term for the active element was

,_0fE_ °71+<00_7/ARBc L - 2.36 21\0.25 2
LBCL

0_ / _ ,0_ 1+ 22n_-de a + 22_t + 0.039 + 0.045 + 0.020 2 )t

where

( 0_7o_7)(o_7)LBc L = 21 0.25 - 2 -- + _-- + 2 0.02 - --
2 2 2

0.007 ) 0.007
+ 0.020 - + n

2 2
-- = 5.468

so that

/_kRBcL = 51.7932(5.257Ea + 0"21 lt_t )

Similarly,

,57{[/ 0_7ARr_ =--4 4 0.22-2
Lpt 2

+2(0.02 - --

-- + _ 0.77 )

0o_l_, 0_08_t
S Jj a+_41t_ -+ ) J

with

( 0.007o.77_(Lpt =4 0.22-2--+_ +2 0.02---
2

so that

0._07 1 + 0.85

0.007
+ 2n- = 1.035 in.

2

ARr_.tmaes _ = 6.0619(0.907r a + 0.10713t)

where the subscript Pt denotes platinum.

For the two-element gage

Ag / RDETCBCL

= 51.7932(5.257E a + 0.211_ t ) + 6.0619(0.907e a + 0.107_ t )

120 + 1.57

= 2.2849e a + 0.0952e t

Thus, the transverse sensitivity of the gage was

2.2849(0) + 0.0952_ r

£t
K

t.DETCBCL -- 2.2849ea + 0.0952(0)

Ea

= 0.0416 = 4.16%

The transverse sensitivity of the palladium-chromium gage was found in a

similar manner to that of the DETCBCL. The gage factors and resistances of the

PdCr gage elements were

GFactive = 1.8 GFcompensating~4

Ractive = 120 Rcompensating = 8

The active element had a resistance change of

ARpdCr -- 1.8 10 0.294- 2 + 9n
L_c r 4 _j o

with

so that

( 0.0106 0.0106"_

_c, =l°t°.294-2_- = in.+9_--7--) 2.984

ARI, dCr = 72.3896(2.909e a + 0.075e t )

The compensating element had

ARpt =_8 4IV2(0.310-2_)+4(0.294-20"0106)
Lpt tl \ 2 /

+5nO'OlO6lE +[(0.183_2_)+5n0"010611_ _
4 ja 4 J'J

where
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L =2(031000,  20 06/-2T ) +4L°294

0.0106( )+5_--+ 0.183-2 =1.988 in.
2

Thus,

ARr_= 16.0966(1.774Ea + 0.214Et)

Inserting these values into equation (2.22) yielded

172.3896(2.909Ea + 0.075Et) +16.0966(1.77Ea + 0.21E )
AR/Rpdcr/p t = 120 + 8 + 109

= 1.009Ea + 0.037Et

The transverse sensitivity of the gage was

1.009(0) + 0.037Er

e l

Kt,_Cr/_ - l.O09ea + 0.037(0) - 0.0371 = 3.71%

E a

The figure-of-merit equation for transverse sensitivity was

simply the ratio of the transverse sensitivities of the gage types
as follows:

(2.23)

where

j designator for gage type which has minimum transverse

sensitivity

The figures of merit for the three gage types were
DETCBCL:

FoM(Kt, DETCBCL,PdCr] -_/ 3.71 --0.89 (2.24)
4.16

CKAI:

F°M(Kt,cKA1,PdCrl-x, 3.71 -0.88 (2.25)4.24

PdCr:

FoM(Kt, PdCr, PdCr ) 3.71= _ = 1.00
(2.26)

2.3.6 Methodology for Calculating Survival Rate

Figures of Merit

Figures of merit were used to quantitatively evaluate strain

gage performance in terms of the overall survival rate for the

sum of all apparent strain, strain due to drift, and gage factor

tests conducted for GWP29. Although other parameters, such

as strain limit to failure, the number of failures during a low-

cycle fatigue strength test, or the number of thermal and

mechanical cycles to failure, may provide more detailed infor-

mation on how strain gages fail, measurements of this nature

were outside the scope of GWP29 and were not considered for

the figure-of-merit evaluation methodology.

Several conditions can be considered a failure of a strain gage:

1. Open gage
2. Partial or complete debonding of the gage

3. Unstable or excessive drift at room temperature

4. Spikes in datathat cannot be explained by data-acquisition-

related causes or power supply problems

5. Gage shorted to ground
6. Partial or complete loss of temperature compensation
7. Erratic behavior at certain strain levels

For the purposes of GWP29 one type of failure was as signifi-

cant as any other. No attempt was made in this methodology to

distinguish between types of failure. The failures were grouped

by the test in which they occurred in order that some insight

might be gained into the relative strengths and weaknesses of

the gage types for a particular appplication.
Mathematically, it was preferable to consider the number of

gages that survived a test rather than the number that failed. The
probability of a zero in the denominator was reduced because

it was unlikely that all gages for all three gage types would fail

during testing. Thus, the figures of merit was based on survival
rate rather than on failure rate.

A general form of the equation for these figures of merit is

No. of surviving gages/

( No. of surviving gages 1

(2.27)

where

SR survival rate

j designator for gage type for which number of surviving

gages is maximum

For all GWP29 tests the same number of gages were tested

for all gage types, allowing the general equation to be simpli-
fied to
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FoM(SRi,j)= (No. of surviving gages)/
(No. of surviving gages)j

(2.28)

For each test-related parameter (i.e., apparent strain, drift, and

gage factor), this equation was applied to get the following

specific figure-of-merit equations:

] (No. of surviving gages)/
FoM SR(Eapp)/, j = (No. of surviving gages)j

(2.29)

FoM[SR(E_ft)i,jl=(N°'°fsurvivinggages)i
(No. of surviving gages)j (2.30)

FoM[SR(GF)i j] = (No. of surviving gages)/
' (No. of surviving gages)j

(2.31)

where

Eapp apparent strain

edrif t strain due to drift

GF gage factor

Also, it may be useful for the user to know an overall survival

rate for each gage type. The following equation combines

equations (2.29) to (2.31) to get an overall figure of merit for

survival rate:

Gage type B:

E )I 3FoM SR E = - = 0.75
app KA 4

The drift and gage factor figures of merit were all 1.00 because the same number
of gages of both types survived both tests. The overall figures of merit were

Gage type A:

F°M(SRA A) = (4)Eapp + (4)edrifl + (2)GF - 10 _ 1.00

' (4)£ap p + (4)e_f t + (2)G F 10

Gage type B:

FoM(SRB,A) - (3)E_pp + (4)%rift + (2)GF 9 = 0.90

(4)eapp + (4)£drift

2.3.7 Methodology for Calculating Figures of Merit for

Special Case of Zero in Denominator

In the unlikely event that one gage type were to exhibit

perfect behavior for a given characteristic, the mathematical

problem of a 0 in the denominator could occur. Therefore, when

a gage exhibited perfect behavior, it was automatically assigned

a figure of merit of 1. However, all other gage types that did not

exhibit perfect behavior were then forced to have figures of

merit of 0, implying that their relative behaviors were the same,

(No. of surviving gages)E_p p + (No. of surviving gages)e_. + (No. of surviving gages)G F li

F_M(_Ri_j)=I(N_._fsurvivinggages)E_p+(N_._fsurvi_inggages)%_ +(N_._fsurvi_i_ggages)GF] j

(2.32)

Example 13: Four each of gage types A and B were tested for apparent strain,

drift, and gage factor. Table 2.17 illustrates the survival results for the gages in
each test.

TABLE 2.17.--EXAMPLE SURVIVAL DATA
FOR STRAIN GAGES

Gage _app £drift GF Summary
tTpe

A 4/4 4/4 2/4 10112
B 3/4 4/4 2/4 9/12

The apparent strain figures of merit were

Gage type A:

[()141 FoM SR eap p A,A -- 4 -

which may not be true. To avoid this inaccurate ranking of the

other gage types, we used an additional figure-of-merit defini-

tion in this special case. The figures of merit subject to this

special case included all apparent strain figures of merit (scat-

ter, magnitude, slope, and repeatability), both drift figures of

merit (rate and scatter), and gage factor scatter, slope, and

repeatability figures of merit.

The general formula for determining the figure of merit for

the case of a 0 in the denominator is

{gi [E(T, '_, "")]}m

F°M['(e)i,j= l,k]m =1 {gk[E(T,z,...)]} m
(2.33)
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where

j=l

k

function derived from strain behavior, such as

scatter or magnitude

function of strain behavior (e.g., difference

between maximum and minimum strain

magnitudes)

designator for gage type for which FoM is

assigned value of 1

designator for gage type for which function

g[e(T,x .... )] indicates poorest performance of

all gage types

The form of equation (2.33) suggests that this equation

would yield figures of merit for all gage types, regardless of the

existence of a special case. Although this is true, the figures of

merit would then be scaled such that a value of 0 would indicate

superior performance and a value of 1, poorest performance. As

pointed out in section 2.3.1, the methodology was designed to

permit summation of the figures of merit for individual

characteristics into a single figure of merit for a given parameter.

The easy summation of figures of merit was deemed to be more

important than the use of a single figure-of-merit definition.

For each of the three gage-to-gage scatter figures of merit,

apparent strain, drift, and gage factor, the use of equation (2.33)

is very similar. In the special case of a gage type that does not

exhibit any gage-to-gage scatter, the sample standard deviation

is 0, and the difference between upper and lower 95% confi-

dence limits is also 0. This 0 value would then appear in the

denominator of the figure-of-merit equation. In this case this

gage type also has to be the gage type with the minimum scatter

because it is not possible to have less scatter than 0. The gage

type would then be assigned a figure of merit of 1. It is evident

that, as defined above, the figures of merit for any and all other

gage types would be 0, even in cases of significant difference

between these gages. For this special case the application of

equation (2.33) is very similar for each of the three gage-to-

gage scatter figures of merit (i.e., apparent strain, drift, and gage

factor). Table 2.18 shows the appropriate functions inserted

into equation (2.33).

In the special case of a gage type that has a perfectly flat

apparent strain curve, the maximum and minimum apparent

strains are both 0, and the difference between the maximum and

minimum values is 0. This 0 value would then appear in the

TABLE 2.18.--SPECIAL CASE VARIABLES FOR SCATTER FIGURES OF MERIT

/sc( ap )

[sc(oF)

f upper limit ( ScharacteristiC,ngage type (unit)

g[e(T, x,...)] = Jlo,er limit t095_r/gage type) _/n gage type -1

for apparent strain

for drift strain

for gage factor

where

T for apparent strain and gage factorupper limit = pper
Ix for drift strain

I_ for apparent strain and gage factorlower limit = ower

[ x I for drift strain

Ii for apparent strain
app

characteristic = ] app for drift strain
/
LGF for gage factor

ik for gage type i
gage type = for poorest performing gage type

GF for gage factor

unit = I T for temperature

L_ for time
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denominator of the figure-of-merit equation. In this case this

gage type also has to be the gage type with the minimum

magnitude because it is not possible to have a difference in

magnitudes of less than 0. The gage type would then be

assigned a figure of merit of 1. The variables to be inserted into

equation (2.33) to calculate the figures of merit for the other

gages for this special case are shown in table 2.19.

The use of equation (2.33) is similar for both apparent strain,

gage factor slope, and drift rate figures of merit, as they are all

based on generically similar derivative equations. In the special

case of a gage type that has no sensitivity to temperature or time

change, the average slope, or rate, would be 0. This 0 value

would then appear in the denominator of the figure-of-merit

equation. In this case this gage type also has to be the gage type

with the minimum slope (rate) because it is not possible to have

a slope (rate) with an absolute value of less than 0. The gage

type would then be assigned a figure of merit of 1. The variables

to be inserted into equation (2.33) to calculate the figures of

merit for the other gages for these special cases are expressed
in table 2.20.

The use of equation (2.33) is very similar for both apparent

strain and gage factor repeatability figures of merit. In the

special case of a gage type that has perfect repeatability, the

deviation between half-cycles would be 0. This 0 value would

then appear in the denominator of the figure-of-merit equation.

In this case this gage type also has to be the gage type with the

minimum deviation because it is not possible to have deviation

magnitudes of less than 0. The gage type would then be

TABLE 2.19.--SPECIAL-CASE VARIABLES FOR

APPARENT STRAIN MAGNITUDE

FIGURE OF MERIT

--E
app, n, min

TABLE 2.20. ---SPECIAL-CASE VARIABLES FOR SLOPE

AND RATE FIGURES OF MERIT

LsL/ )
=r'imt/ C"octonst c':on't'/

gl_T,x,...)l ,.... _imi,/k" d_-_it Jgagetype,designator

for apparent strain

for drift strain

for gage factor

where

unit

T for apparent strain and gage factorupper limit = pper

x for drift strain

7] for apparent strain and gage factorlower limit = ower

[Xl for drift strain

I--Eap p for apparent strain

characteristic = £app for drift strain

[G-_ for gage factor

fi for gage type i
gage type

for poorest performing gage type

unit = _T for temperature

for time
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TABLE 2.21 .--SPECIAL-CASE VARIABLES FOR

REPEATABILITY FIGURES OF MERIT

LR/GFf) for gage factor

1_Tupper limit (7") gage typegIE(T, _, ...)] = [ ]characteristiCn m (T) -- characteristic n m2 dT
_/lower limit I ' 1 '

where

FEapp for apparent strain
characteristic i

1_-_ for gage factor

fi for gage type
gage type =

Lk for poorest performing gage type

assigned a figure of merit of 1. The variables to be inserted into

equation (2.33) to calculate the figures of merit for the other

gages for these special cases are expressed in table 2.21.
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Chapter 3

Test Equipment and Operational Procedures

3.1 Specimen Preparation

3.1.1 Strain Gages and Attachments

3.1.1.1 Langley.--Detailed here are the procedures for

installing the Langley high-temperature gage, including the

attachment of the lead wires to the gage.

Design and specifications: A serious concern for the user of

high-temperature strain gages is the large magnitude of the

apparent strains typically associated with the commercially

available gages. This concern was the primary driver in the

design of the Langley gage. The large apparent strains in

single-element gages can be reduced by using a two-element,

half-bridge configuration for making strain measurements.

The Langley design employs an active element bonded to the

surface to be measured and an inactive or "compensating"
element that is not bonded to the surface. This element,

therefore, will be insensitive to strain. The Langley two-

element gage is designed with the compensating element

surrounding the active element on three sides. Both elements
are installed on an aluminum oxide base coat at the same time.

The active element is flame sprayed in place whereas the

compensating element is only tack bonded in such a manner

that it cannot respond to actual surface strains. The dimensions

and basic configuration of both elements of the gage are shown

in section 2.3.5.2 (fig. 2.20). As shown, the elements are not

yet wired together to form the half-bridge, allowing for ease in

making electrical checks of each individual element. Follow-

ing these checks the gage is wired to a three-lead-wire system

to form the half-bridge. The Wheatstone bridge wiring con-

figuration is illustrated in section 3.2.3 (fig. 3.12). Figure 3.12(b)
shows how the gage was modified to include a length of

platinum wire. The wire was used only with the gages on the
TMC test coupons to correct for the mismatch in expansion

coefficients of the gage alloy and the TMC. This piece of wire

was not bonded to the substrate; therefore, it was not subjected

to mechanical strains. Early prototypes of the Langley gage

included two-element gages made with the Chinese Alloy, the

BCL-3 alloy, and a foil version of the Langley-designed half-

bridge furnished by Micro-Engineering, Inc. Insufficient fund-

ing prevented BCL-3 from being the alloy of choice. Early

testing of the foil version of the compensated half-bridge

generated excellent data, but repeated excursions to 1500 °F

(815 °C) appeared to degrade the gage more rapidly than the

wire versions. Kanthal A1 was selected for the gage elements

for three reasons: (1) It has an operating range up to 1500 °F

(815 °C); (2) gages manufactured from this alloy are relatively

inexpensive; and (3) the wire necessary to make the gages was

readily available as well as affordable.

Installation procedures: The following basic steps were

developed and used at Langley for installing compensated

strain gages on IN 100 and 13-21S TMC surfaces. No effort was

made here to describe the details for using the spray gun.

Working distances between the spray gun and the surface to be

gaged, the number of passes over the area being sprayed,

settings for the spray equipment, and other gaging installation

steps using thermal spray equipment are all experience driven.

A more detailed description of the installation procedures is

obtainable from JP Technologies, Inc., and Advanced Hi-Temp

Strain Sensors, Inc., manufacturers of the gage.

1. Locate the area where the strain gages are to be installed

and clean with an appropriate degreaser.

2. Mask around the area to be gaged; then microgrit blast

the open area within the masking with 50-1am aluminum oxide

(A1203) abrasive powder. This step removes any surface coat-

ings or surface oxidation while providing a uniformly textured

surface, which is beneficial (visually) during the coarse-grit

blasting step.
3. Coarse-grit blast the microgrit-blasted area with a #30-grit

silicon carbide abrasive powder to generate a coarse texture for

the later thermal spraying operations.

4. Remove the masking tape and clean the area with an

appropriate surface degreaser.
5. Remask around the grit-blasted area.

6. Plasma spray a base coat of A!203 onto the grit-blasted
surface within the masked area. This first layer of gaging base

coat should be approximately 0.001 in. thick.

Note: The initial base-coating step (step 61 with plasma-

sprayed AI203 is optional, but fewer gagc failures on TMC

have been observed at 1500 °F (815 °C) when this technique has

been employed.

7. To complete the base coat, apply a second coat ofAI203

to the initial base coat (step 6) using a Rokide flame spray gun.

This layer of A1203 plus the original layer should total

approximately 0.003 in. thick.

8. Position and secure the pair of gages (active and compen-

sating) with their top carrier and subcarrier to the AI203 base coat.
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9. Initialbondthepartiallyexposedactivegageconvo-
lutes,theexposedgageribbons,andtheexposedtack-bonded
areasofthecompensatinggage(fig.3.1)withaRokidegun.
KeeptheamountofA1203toaminimum.

10.Carefullyremovethetopcarrierandsubcarriertape
segmentsfromtheactivegage.Withthisdone,inspectand
removeanyridgesofA1203thatmayhaveformedadjacentto
thecarriertapestrips.AnAI203abrasivestoneorapointed
diamondfile canbeemployedforthistask.Figure3.2isa
closeupofthegagereadyforfinalflamespraying.

11.FinalbondtheactivegageusingtheRokidegun.Using
A1203rodsofthesametypeusedfortheinitialbondingofthe
gageconvolutes,flamesprayallexposedareas,makingcertain
tocovertheentiregage.KeepthetotalA1203thicknesstoa
minimum.Atypicalcompletedinstallationshouldbeapproxi-
mately0.015in. thick.

12.Removetheremainingtopcarrier,beingcarefulto
ensurethatthesubcarrierremainsinplace.

Note:Steps13to 16areoptional.Thesestepsdetailthe
procedurefor addinga "window-frameborder"of AI203
aroundtheentireinstallationto minimizethetemperature
differencebetweentheactivegageandthecompensatinggage
whenfastheatupratesorairflowsareexpected.Thiswindow-
frameborderisactuallyaridgeofA1203thatformsaboundary
forthethermalblanket.

13.Remove0.100in.ofthesubcarriertapefromthelead-
wireendofthegages.Also,remove0.030in.(thisdimension
maybereviseddependingontheoverallwidthofthecarrier
tapefurnishedwiththegages)fromtheremainingthreesides
(outsideperimeter)ofthesubcarriertapetoexposethebase
coatofA1203andallowfortheformingofthewindow-frame
border.

14.Addtwolayersof high-temperaturetapearoundthe
perimeterofthesubcarriertape,leavinga0.030-in.gaponall
foursides.Also,addtwolayersofhigh-temperaturetapeover
thesubcarriertape,cuttothesamesizeasthesubcarriertape
(fig.3.3).

15.UsingRokide,flamespraythe0.030-in.perimeter
gapuntil theA1203fills thegapto thetopof thetape,
completingtheformationofthewindow-frameborder(ridge
ofA1203).

16.Removealladdedtape,beingcarefulnottodisturbthe
subcarriertape.

17.Carefully remove the individual segments of the

subcarrier tape. Compensating gage convolutes must be kept

flat against the base coat. Figure 3.4 shows the installed gage

after all tape has been removed. This gage is now ready for the
thermal blanket, which is also shown in the photograph.

18. Install the thermal blanket. The thermal blanket consists

of a sheet of Nextel 312 cloth, 0.010 in. thick, which has had its

L-93-9878

Figure 3.1 ._Closeup of CKA1 gage ready for installation.

49



_: ;_: __ L-93-9875

Figure 3.2._loseup of CKA1 gage following initial flame spray operation.

Figure 3.3.---Gage masking for AI203 around perimeter of installed CKA1 gage.
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Figure 3.4._installed CKA1 gage showing exposed compensating element and thermal blanket.

top surface flame sprayed with a 0.005-in.-thick layer ofAi203.
The blanket should be cut to fit within the confines of the

window-frame border (when a border is used).

19. Secure the thermal blanket with spotwelded straps or
ceramic cement.

20. The installation is now ready for its final electrical

checks and lead-wire hookup.

Leadwires: The Langley gage is a two-element gage designed

such that one element is in each adjacent arm of a Wheatstone

bridge circuit. A typical three-lead-wire system works well for

the hookup of the two gage elements. Following electrical

checks of each individual gage element, the gage elements are

wired in adjacent arms of a Wheatstone bridge circuit configu-

ration to form a half-bridge. This hookup is shown in section

3.2.3 (fig. 3.12). As shown, one ribbon from each gage is

spotwelded to one of the three lead wires. The other ribbon from

each of the gages is spotwelded (one each) to the remaining two

lead wires to form a two-arm half-bridge with one active gage

and one compensating gage. The actual spotwelding of the gage

ribbons to the lead wires uses a technique developed by Dryden

in which the ribbon wraps around the lead wire so that one

spotwelder probe contacts the ribbon while the other spotwelder

probe contacts the lead wire. The probes are maintained in
intimate contact with the ribbon and lead wire as the junction is

being spotwelded. Identical three-lead-wire systems used by all

three centers for this program consist of a braided three-
conductor cable. Each conductor is a Hoskins 875 (FeCrAI)

wire, AWG #25, insulated with Rayon-served Nextel 312

braiding. An additional braiding over the three braided conduc-

tors is also Rayon-served Nextel 312. All strain gage cables are
"heat cleaned" for 1 hr at 1000 °F (540 °C) before installation

on the test coupons and test beams.
3.1.1.2 Lewis.--The free-filament PdCr wire gage was

mounted on the test article by using a flame spray technique

described here. The installation technique for this gage is
described in detail in reference 3.1.

1. Lightly grit blast the gage bonding area to remove the

existing surface oxide and then clean with solvent.
2. Mask the gage bonding area perimeter with flame spray

masking tape. Tape must be well bonded to the surface to

prevent tape lifting by heat from the flame spray process. Apply
a 50- to 76-I.tm (2- to 3-mil) thick nickel aluminide coating to
the substrate as the bond coat. If the substratc is less than 3.2 mm

(1/8 in.) thick, use cooling air during the coating process to

prevent heat from distorting the parts. The cooling air must be
desiccant filtered to remove all oil; otherwise, an oil-less air

compressor should be used. Remove masking tape and gently

run an industrial razor over the coating to remove any loose

particles. A clean wire brush may also be used to gently remove

any loose particles.

3. Remask using flame spray masking tape. Place the tape

exactly at the edge of the nickel aluminide bond coat. Apply a 50-

to 76-txm (2- to 3-mil) A1203 precoat over the bond coat. Examine

the coating under a microscope to be sure that it is continuous.
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4. Holdthegageinpositionwithtweezersandpressthegage
downontotheprecoatwiththetapecarrier.

5. ApplyacoatingmixtureofA1203andzirconiumoxide
(Zr203),whichprovidesoxidationprotectionforthegage,to
theopenareasbetweenthestrips.Holdthespraygunperpen-
diculartothegagesurfaceatabout25-cm(l0-in.)distance,and
applyatackcoatwithrapidpasses.Thegagegridtemperature
shouldnotexceed390°F (200 °C), and the gage grid should

return to room temperature before the next pass.

6. Remove all perimeter tape with sharp tweezers. Examine

the gage carefully and remove any debris with an artist's brush.

7. Remask with a single layer of the tape and apply a final

A1203 mixture overcoat. Remove all the tape and dress any

sharp corners with an Al203 stone.

Because both PdCr and platinum are very sensitive to impu-

rities such as aluminum and silicon, care must be taken during

handling and each installation step to protect the gage from
contamination.

3.1.1.3 Dryden .--Dryden tested three candidate strain gages,

all based on the BCL-3 alloy. The first gage was the standard
BC L gage, the second was a heat-treated version of the standard

BCL gage, and the third was the dual-element, temperature-

compensated BCL gage (DETCBCL). Using an early version

of the figure-of-merit methodology described in section 2.3, the

DETCBCL was selected for this study. See section 1.4.3 for a

description of the DETCBCL.

Dryden developed the following general step-by-step proce-

dure for installing the DETCBCL gage. The installations on

13-21S TMC did not use either a bond coat or a graded layer;

therefore, steps 11 to 14 were performed only on gages installed

on IN 100 specimens.

1. Degrease the entire specimen with Micro-Measurements

CSM-I or equivalent.

2. Mask an area of the specimen to be instrumented, using

CHR Industries A2008 Teflon-impregnated tape or equivalent.

3. Degrease the specimen area to be instrumented with

methyl ethyl ketone (MEK).

4. For specimens thinner than approximately 1/16 in.,

microgrit blast the specimen surface to remove any oxidation or

contaminants in order to minimize the time spent coarse-grit

blasting the specimen surface.

5. Coarse-grit blast the area to be gaged with -30, +200

mesh (54 grit), brown, fused A1203 at a pressure sufficient to

clean and abrade the surface but not so high as to embed

abrasive particles in the material. For metals this generally

would be 40 to 70 psi (55 psi was used).

6. Remove the Teflon tape.

7. Blast with filtered air at 60 psi or higher (90 psi was used).

8. Degrease the specimen area to be instrumented with MEK.

9. Remask the grit-blasted area with Teflon tape.

l0. Measure the specimen thickness in the grit-blasted area
with a micrometer.

11. Plasma-arcspraya4-mil-thickcoatingof80/20Nichrome
(e.g., Metco 461).

12. Measure the specimen thickness after spraying to verify

actual coating thickness.

13. Plasma-arc spray a 4-mil-thick coating of a 50/50 (by

volume) homogeneous mixture of 80/20 Nichrome (Metco 461)

and A1203 (e.g., Metco 105NS) on top of the Nichrome coating.

Note: Steps 11 and 13 are required when using gages on

nickel- or cobalt-based substrates at temperatures above

1400 °F (760 °C). Different bond coat materials and graded

layer materials are required for different substrate materials.

The selection of these materials depends on the match of

coefficient of thermal expansion to the substrate material.

14. Measure the specimen thickness again to verify the

thickness of the Nichrome/Al203 coating.

15. Remove the Teflon tape.
16. Mask off an area not less than 5/8 in. x 1/2 in. (actual

dimensions depend on the gage configuration) with Teflon tape

at the specified locations.

17. Apply a 4-mil-thick coating of Al203, using the Rokide

flame spray process.

18. Measure the specimen thickness again to verify the

thickness of the A1203 coating.

19. Establish the precise location and alignment of the gage

with a non-graphite-based colored lead pencil by putting align-
ment marks outside the Rokide-coated area and never in the

area occupied by the gage filament.

20. Carefully remove the gage from the glass slide.

21. Carefully position the gage on the specimen with respect
to the location markings.

22. Mask off the remaining areas of the substrate not cov-

ered by the carrier tape.

23. Smooth down the tape by pressing firmly, making

certain that the tape edges are "down."

24. Apply the tack coat by flame spraying through the

windows left by the strips of tape, using the Rokide process.

The tack coat is of proper thickness when gage filaments are

slightly visible through the coating.

25. Mask the upper portion of the gage with Teflon tape,

leaving the ribbon area exposed.
26. Rokide a thicker tack coat onto the ribbons until the

"button" is flush with the tape surface.

27. Carefully chip away any alumina that has bridged from

the button to the tape and round all sharp corners of the A1203
to avoid strain concentrations.

28. Carefully remove the strips of tape by folding one end of

the strip back over the gage at a low angle, pulling the tape

across the gage while keeping it as close to the specimen as

possible.

29. Verify, if applicable, that the ends of the compensating

element end loops are flush to the Rokide surface.

30. Remask the gage area, leaving the entire gage exposed.
31. Rokide the final coat. The coat should be sufficient to

just encapsulate the gage wires but not thicker.
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32. If needed,maskofftheupperportionofthegagewith
Teflontape.Rokidetheheavierfinalcoattotheribbonsto
securelyanchorthem.Thiswillrequireaheaviercoatthanused
tojustencapsulatethegagefilaments.

33.Removeallmaskingtape.
34.Knock down all sharp edges and corners of the A1203

with an AI203 stone.

3.1.2 Thermocouples and Attachments

All thermocouples were made of AWG #28, type K,

magnesium-oxide-insulated, Inconel 600, sheathed, 0.63-in.-

outside-diameter cable. The procedure for attaching thermo-

couples was as follows:

1. Strip sheath and insulation back 0.50 in. (plus 0.03 in.,

minus 0) from each end of the cut thermocouple cable. Seal the

exposed ends of the cable with a moisture-proof coating, such

as Micro-Engineering, Inc., Gagekote 1 or alternative.

2. Install miniature type K thermocouple connectors on one

end of the cut thermocouple cable before shipping completed

coupons and load bars to the other centers. Excess conductor

material may be cut off the end of the stripped wire so that it will

fit in the connector properly. It is suggested that the connectors

be installed before attaching the thermocouple to the coupon or

load bar in order to minimize handling of coupons and load bars

once the gages are installed.
3. Use intrinsic thermocouplejunctions for all thermocouples

on all coupons and load bars. (An intrinsic junction is formed by

separately attaching the two thermocouple wires to the substrate:

they do not contact one another except through the substrate.)

4. Separate the centerlines of the two thermocouple wires by

0.025 in. at the thermocouple junction.

5. Make strain relief loops when installing thermocouple

junctions. Thermocouple wires should exit straight from the

cable for approximately 0.10 in. Make a loop in each thermo-

couple wire starling at 0.10 in. This loop should reach no more

than 0.10 in. above the coupon surface at a distance of 0.15 in.
from the cable end and finish 0.20 in. from the cable end. At this

distance the thermocouple junction is formed (fig. 3.5).
6. Attach thermocouple wires to the substrate by spotwelding.

A combination of 10 W-sec at 10-1b electrode force on a

Measurements Group, Model 700 portable strain gage welding/

soldering unit is recommended for welding both Chromel and
Alumel leads to 13-21S TMC. These weld schedules may vary

depending on the welding equipment.
7. Use two welds on each thermocouple wire. The first weld

is 0.20 in. from the end of the cable. Cut excess material off so

that the second weld is 0.05 in. from the first weld. Make this

second weld with enough force on the electrode to flatten the

end of the wire (fig. 3.6).

8. Use Incone1600 straps for staking thermocouple cable to

the surface of the IN100 and _-21S TMC load bars and

coupons. The weld schedules for joining these materials are
12 W-sec/10 lb for Inconel 600/IN100 and 20 W-sec/l 0 lb for

Inconel 600/[3-21S TMC. These weld schedules may vary

depending on the welding equipment.

9. Completely cover spotwelded thermocouple junctions
with Rokide. The edge of the Rokide coating should be 0.25 in.

from the lines formed by the welds (fig. 3.7).

.20

.15

.10

See detail in figure 3.6

Figure 3.5.mTherrnocouple installation with strain relief
loop. (Dimensions are in inches.)

Figure 3.6.nRelative locations of thermocouple
spot welds.
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.05

I
.025

Figure 3.7.mTop view of thermocouple instal-
lation showing relation to Rokide coating.
(Dimensions are in inches.)

3.2 Langley Test Equipment and

Operational Procedures

The test equipment, procedures, and data acquisition system

described here were used at the Langley Research Center in

gage performance characterization testing for this work pack-

age and in testing the three GWP29 gages.

3.2.1 Test Equipment

Specifically designed equipment was used for each of the

three types of test that Langley performed on the three GWP29

gages (i.e., apparent strain, drift strain, and gage factor). This

equipment is listed below. The data acquisition system shown

in the equipment photographs is described in section 3.2.3.

3.2.1.1 Apparent strain test apparatus.---The following

apparatus (figs. 3.8 and 3.9) was used for conducting the

apparent strain runs:

1. IN100 test coupons, three each
2. [_-21S TMC test coupons, three each

3. Applied Test Systems (ATS) Series 3350 furnace

Figure 3.8.wLangley apparent strain test chamber and data acquisition system.
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L-94-5125

Figure 3.9.--Closeup of Langley apparent strain test chamber with radiant heat cover around

test coupon,

4. ATS two-zone furnace controller with RS/232

compatibility
5. IBM PC/AT for temperature control programming

6. Two-piece radiant heat cover (figs. 3.8 and 3.9).

3.2.1.2 Driflstrain testapparatus.---_e following apparatus

(fig. 3.10) was used for conducting the drift strain runs:

1. INI00 test coupons, three each

2. 13-21S TMC test coupons, three each
3. ATS Series 3150 furnace

4. ATS furnace temperature control system

3.2.1.3 Gage factor test apparatus.--The following appa-

ratus (fig. 3.11) was used for conducting the gage factor tests:

1. IN100 tensile load bars, three each

2. [3-21S TMC tensile load bars, three each
3. ATS Series 3210 split-tube furnace
4. ATS three-zone furnace controller

5. Materials Test Systems (MTS) Model 810 tensile load
machine

6. MTS Model 458.20 microconsole

7. MTS Model 647 hydraulic wedge grips

8. MTS Model 609.10A--01 alignment fixture
9. Steel calibration load bar

3.2.2 Operational Test Procedures

The test procedures described here were incorporated into

apparent strain, drift strain, and gage factor testing at Langley.

Operational procedures for the three types of test are described

individually.
3.2.2.1 Apparent strain test procedures.--At Langley each

apparent strain coupon was placed in the ATS furnace (Series

3350) and suspended by the strain gage and thermocouple

cables so that the coupon was in a strain-free position. A two-

piece metal shield was then placed around the coupon to assist

in providing a uniform heating and cooling environment for the

coupon during the test. Twelve apparent strain runs were

conducted for each coupon. The heatup rates, cooldown rates,

and maximum temperature for each of the 12 cycles are listed

in chapter 2. Using the IBM PC/AT, a program was written to
accommodate the various heatup and cooldown rates required

for the apparent strain runs. The capability of the program to

provide the rates required was tested on spare coupons before

commencing the actual runs. Because of the mass of the furnace
used for these apparent strain tests, forced-air cooling was

incorporated for certain rapid cooldown portions of some runs.
The electrical hookup for the gages and the thermocouples is
described in section 3.2.3.

3.2.2.2 Driflstrain testprocedures.-- At Langley each drift

strain coupon was placed in the ATS furnace (Series 3150) and
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Figure 3.10.--Langley drift strain test chamber and data acquisition system.

q

Figure 3.11 ._Langley high-temperature tensile load machine and data acquisition system.
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suspended by the strain gage and thermocouple cables so that

the coupon was in a strain-free position. For each drift strain test

the coupon was heated to the desired test temperature, stabi-

lized with respect to uniform temperature, soaked for4 hr at that

temperature, and then cooled to room temperature. This proce-
dure was repeated at seven different temperatures ranging from

600 to 1500 °F (315 to 815 °C). Because of the mass of the

furnaces used at Langley and Lewis, a considerable amount of

time was required to stabilize the coupon temperature at each of

the designated test temperatures. The type of furnace used by

Dryden could stabilize the coupon temperature in a much

shorter time. Therefore, the gages tested at Langley and Lewis

were subjected to a longer soak time at almost the designated

test temperature before testing. Because of the difference in

time required to heat the coupons, the shape and slope of the

drift strains for a given gage type may have differed when

comparing drift strain data from Langley and Lewis with those

from Dryden for a given test. The electrical hookup for the

gages and the thermocouples is described in section 3.2.3.

3.2.2.3 Gage factor test procedures .--Each of the three

centers participated in the gage factor testing. Langley tested the

same gage types and materials as Lewis and Dryden. However,

because of equipment constraints the gage factor testing at Lan-

gley was conducted on INI00 and _i-21S TMC tensile load

beams, whereas Lewis and Dryden generated gage factor

characterization on beams in a bending configuration. There-

fore, the Langley gage factor data were obtained on gages in a

tension direction only. Before testing, a steel calibration load

bar was strain gaged with 12 conventional gages configured to

provide a means of verifying the test beam alignment in a bend-
free tensile mode. This calibration bar was fabricated with the

same geometry as that of the beams to be tested. A MTS Model

609 alignment fixture was used to accurately align the clamping

grips for the tension tests. Once accurate alignment had been
assured, the calibration load bar was loaded to the strain levels

specified. The deflection was recorded for these levels and then

used for applying the required strains at the various test tempera-

tures. Once the setup was completed, the load beams were tested

with the three gage types from the three centers. Each beam was

placed in the grips, with the upper end of the beam clamped in the

top grip. Zeros and gage resistances were then recorded. Next,

the bottom end of the beam was clamped in its grip and

electrical gage checks were again conducted. The test was then

begun. A predetermined tare was applied and the specified

strains were then generated. This procedure was repeated at

each test temperature for each material.

3.2.3 Data Acquisition System

A single stand-alone, preprogrammed data acquisition sys-

tem was used for the three types of test conducted on the three

types of GWP29 gage. It contains a personal computer, a

controller (interface between the computer and the scanners), a

strain gage scanner, a thermocouple scanner, and a universal
scanner. This Measurements Group, Inc., System 4000 was

used by Dryden and Langley for these tests. This unit and its

accompanying data analysis electronics are described here
after the Wheatstone bridge circuit configuration used for each

of the three gage types is reviewed.
3.2.3.1 Wheatstone bridge circuit configurations.--The

Langley CKA1 gage was a two-element gage configuration

with one active gage element (strain sensitive) and one com-

pensating gage element (unbonded and insensitive to strain).
These two elements were wired in adjacent arms of a four-arm

Wheatstone bridge circuit forming a half-bridge (fig. 3.12(a)).

One ribbon from each of the gage elements was spotwelded to

the three-external-lead-wire attachment point near the gages.

This lead-wire system was then connected to a half-bridge

completion network in the System 4000 data acquisition sys-

tem, forming the classic Wheatstone bridge circuit. A length of

platinum wire was added to the group of Langley gages installed

on the _-21S TMC coupons to minimize the total apparent

strain generated with these gages on that particular material.
This wire was added to the active gage element in such a way

that it was not bonded to the surface and was insensitive to

strain. Its wiring configuration is illustrated in figure 3.12(b).

The Lewis PdCr gage (fig. 3.13) was a single-element active

gage with a compensating resistor in an adjacent arm of the

bridge circuit. Because the compensating resistance was

nominally 15 fL an additional ballast resistance was added

externally to balance this half of the Wheatstone bridge circuit.

The compensating resistor was fabricated as part of the gage
and was bonded to the surface along with the active single

element. The three wires exiting the gage were configured such

that one provided a hookup to one of the bridge completion

resistors, one provided a hookup to the ballast resistor, and the
third was routed to the signal readout. The ballast resistance

value for each gage tested was provided by Lewis. After

hookup (fig. 3.13) this Wheatstone bridge circuit was con-

nected to the System 4000 data acquisition system.

The Dryden DETCBCL gage (fig. 3.14) was a dual-element

gage. The primary active element was of BCL-3 alloy. In series

with this element a platinum element served as an apparent

strain compensator. The compensating element was positioned

in the gage center among the BCL-3 convolutes. It was fabri-

cated as part of the gage and subsequently bonded to the test

coupon along with the active gage element. The strain gage

ribbon shown on the left-hand side of the figure was not hooked

up electrically to any external lead wires. Thus, the platinum

element was in series with the gage. This dual-element gage

formed one arm of a Wheatstone bridge circuit. A standard

three-lead-wire attachment to the two gage ribbons provided

the quarter-bridge hookup to the System 4000 data acquisition

system.
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Figure 3.12.reWiring configuration for Langley CKA1 gage (haft-bridge). (Note: When polarities are utilized as

shown, an up-scale reading will result with a tension toad applied to the active gage.) (a) On INIO0. (b) On
13-21S TMC.
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Figure 3.13.--Wiring configuration for Lewis PdCr

gage. (Strain gage resistance Rg; compensating

gage resistance, Re; ballast resistance, Rb; bridge

completion resistors, R 1 and R2.)

Figure 3.14_Wiring configuration for Dryden
DETCBCL gage (dual element, temperature
compensated).

3.2.3.2 Strain and thermocouple data measurement

system.--All swain and temperature data were recorded with

the System 4000. Strain gage connections to the system were

made in accordance with the respective Wheatstone bridge

configurations described previously. For the Lewis gages pre-

cision trim pots and resistance boxes were also used. The

resistance values used with these gages were designated by

Lewis. All thermocouples used in the gage testing were type K.

The electrical hookup was directly to the System 4000 thermo-

couple scanner.

3.2.3.3 Data analysis system.---In conjunction with the

System 4000, additional electronics were used in processing

and analyzing data, generating plots and tables, and providing

documentation for this program. Included were a Hewlett-

Packard Laserjet IIIP printer for the data records from System

4000, an IGOR program for data analysis, a Macintosh Centris

650 personal computer for data entry to IGOR, a Macintosh
Laserwriter Pro for providing plots, tables, etc., 0.01-fl resis-

tance boxes, and 2K-at-0.01-fl trim pots for hookup with the

Lewis gages. The raw data from the System 4000 were reduced

to a file in which the data had been corrected by using specified

parameters and engineering units. This reduced file was then

translated to a Lotus 123-compatible text file and transported to

the Macintosh Centris 650. There, the final analysis and plot-

ting were accomplished by using the IGOR program provided

by WaveMetrics. Data reduction and analysis methods are

described in chapter 4.

3.3 Lewis Test Equipment and

Operational Procedures

All test data were taken after the furnace temperature

stabilized. The testing system consisted of a 10-channel scan-

ning thermometer for measuring six thermocouple outputs, a

digital-to-analog converter for programming the furnace

temperatures, and four digital multimeters for measuring the

four gages' output. A Zenith 286PC was used for computer

control of furnace temperature, actuator displacement, and

data sampling. The computer communicated with the instru-

mentation by means of an IEEE--488 bus. An in-house-

developed software system (ref. 3.2) was used to provide

flexible, natural language process control capability. Fig-

ure 3.15 shows a block diagram of the measurement system,

and figure 3.16 presents the strain gage testing laboratory at
NASA Lewis.

3.3.1 Apparent Strain and Drift Apparatus

A self-programmable furnace (Omegalux LMF-6525) was

used for apparent strain and drift strain testing because of its

high heating/cooling rate capability. The 60 F deg/min
(33 C deg/min) heating/cooling rate required for some appar-

ent strain cycles was beyond the limit of the Fisher muffle
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I Personal computer(Zenith 286)

IEEE-488

n I Thermocouple I

Multimeter I ,

(Fluke 8520A) I_
I Bddge output I

Digital-to- Ianalog converter
._ ! Muffle fumace

I (Fisher Model 186)

_1 Actuator controller

I (Aerotech Un dex II) .[ l
Figure 3.15.--Schematic of Lewis testing system.

Figure 3.16.mLewis high-temperature strain gage laboratory.

furnace used for gage factor testing. The three GWP29 test

gages were connected to a Wheatstone bridge circuit with

different configurations (fig. 3.17). As shown, the bridges

were balanced at room temperature before testing. Shunt

calibration was taken by shunting the active gage. The equip-

ment used in the bridge completion network is listed in

table 3.1 and shown in figure 3.18.

3.3.2 Gage Factor Apparatus

Gage factor determination tests at Lewis used constant-

moment beams (fig. 3.19). An IN 100 beam with six reference

gages was mounted in the bending fixture made of SAE 1010-

1030 steel and stressed to about 2000 lae (fig. 3.20). A relation

between the deflection of the beam d and the strain _ experienced
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(b)

l
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(c)

Figure 3.17.---Schematic of Wheatstone bridge completion network for DETCBCL gage, CKA1 gage, and PdCr gage.

(a) Bridge with DETCBCL gage balanced at room temperature so that Rg + R c/(R g + Rc + Rb ) = RII(R 1 + R2).

(b) Bridge with CKA1 gage balanced at room temperature so that Rg + Rc/(Rg + Rc) = RII(R 1 + R2). (c) Bridge with

PdCr gage balanced at room temperature so that Rg + Rc/(R g + R c + R b ) = RII(R 1 + R2).

Gage

I&2

3&4

TABLE 3.1.--EQUIPMENT USED IN BRIDGE COMPLETION NETWORK

Excitation voltage source, Ballast resistor, Bridge completion resistor,

E R a R I + R 2

Tri-Com SN321 signal Measurements Group v/E-40 Hallcross 837 decade voltage

conditioner decade resistor divider

Raytheon Co. power source Measurements Group v/E-40 Measurements Group v/E_,O

decade resistor decade resistors
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Figure 3.18--Lewis equipment used in bridge completion network.

I= 6.5 =

_c_ l_Oagomount,ng_ I_
area, section, 2.5
1.00

Figure 3.19._Geometry of constant-moment beam used at

Lewis for gage factor determination test. (Dimensions are
in inches.)
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Figure 3.20.DLewis bending fixture.

C-85-7111

Figure 3.21 .DFisher muffle furnace.

63



by the gages was thus determined for calibration. The strain in
the test beam was calculated from

e = t x d/l 2

where t is thickness and I is length of the beam. A deflection

of about 1.2 cm of an IN100 beam is equivalent to approxi-

mately 2000 lae on the beam. The strain calculations based on

beam deflection have an uncertainty of approximately 1%.

A Fisher Model 186 isotemperature muffle furnace equipped

with bending fixture and deflection actuator (fig. 3.21) was

used for gage factor testing. Beam deflection was automati-

cally controlled with an Aerotech Unidex II controller.

3.3.3 Data Acquisition System

A Zenith 286PC was used to collect test data, as mentioned

earlier. The test data, which included time, temperature, and

gage output, were printed and also saved on a diskette as ASCII
files. The data files were then transported to a Macintosh II

computer for IGOR data analysis.

3.4 Dryden Test Equipment and

Operational Procedures

3.4.1 Apparent Strain and Drift Test Equipment

The system used at Dryden Flight Research Center to con-
duct the apparent strain and drift tests consisted of a high-

temperature, infrared, radiant heating furnace; a susceptor to
shield the test coupons from direct radiation; a power control-

ler; and a temperature programmer/controller.

Dryden used a Research Inc. Model 4068 parabolic clamshell,

infrared, radiant heating chamber as the furnace for all appar-

ent strain and drift tests. The infrared heating chamber con-

sisted of a circular array of quartz lamps installed in

water-cooled, polished-aluminum parabolic reflectors. Each

reflector provided a highly directional heating pattern, direct-

ing the radiant energy from a tungsten filament, tubular, quartz

lamp to the center of the chamber. The chamber itself was

capable of rapid heatup rates, depending on the voltage applied

to the lamps and the thermal characteristics of the specimen.

Maximum specimen temperatures of 2000 °F (1095 °C) were

possible. Rapid, controlled cooldown was possible because

radiant energy dissipated rapidly after power was cut owing to

the low thermal mass of the emitter system. Using this furnace

permitted accurate temperature control and excellent

time-temperature response. It also introduced the potential for

radiation errors in the temperature measurement. This problem

was avoided by using a susceptor to block the direct radiant heat

of the quartz lamps in the furnace. After several iterations an

acceptable susceptor geometry and coupon support system

were determined. A 0.005-in.-thick sheet of Inconel 600 foil

was rolled into a 12-in.-long tube with a 2.35-in. inner diam-

eter. The seam was spotwelded at several locations along the

tube. Oversized holes were punched into the sheet before it
was rolled into the tube to allow ceramic tubes to be used to

support both the susceptor and the test coupons inside the

susceptor. Figure 3.22 shows the furnace and susceptor

arrangement.

Power to the parabolic chamber initially was fumished by a

Research Inc. Model 7447 power controller. The Model 7447

used a system of a magnetic amplifier, two thyratrons, and two

water-cooled ignila'ons for proportioning single-phase, alternating-

current voltage to the furnace, from zero to the maximum line

voltage of 480 V. During the early stages of testing the power
controller failed. A state-of-the-art Control Concepts Model

1037-A silicon-controlled-rectifier power controller replaced the

failed power controller and was used for all subsequent tests. A

checkout test conducted on a temperature calibration coupon

showed that the time-temperature behavior and temperature

distributions on the GW_9 coupons were unaffected by the

change in the power control system.

Temperature profile control was provided by a Research Inc.

Micristar dual-loop process controller and setpoint program-

mer. The programmer provided 50 profile segments for ramp-

ing and soaking. A wide range of adjustment was available for

proportional, integral, and derivative (PID) control constants,
as well as for selectable levels of digital filtering of the control

thermocouple signal. Initial temperature controller PID tuning
efforts revealed that direct control of the coupon temperatures

was not feasible with the susceptor in place. Cascade control,

in which the output of the primary controller becomes the

setpoint of the secondary controller, was used so that feedback
from both the susceptor and the coupon was factored into the

control circuit. The dual loops of the controller allowed it to be

used as a cascade controller. To accomplish this, an AWG #24,

type S thermocouple spotwelded to the susceptor was used as

the control thermocouple for the primary loop, and one of the

type K thermocouples on the test coupon was branched to the

temperature controller for secondary loop control as well as for

data acquisition. Figure 3.23 is a schematic of the cascade

control configuration used for testing.

System calibrations were conducted for both transient

response and steady-state temperature distributions. The most

difficult GWP29 transient requirement was the 60 F deg/min

(33 C deg/min) heating and cooling rate on the IN 100 coupon.

One coupon instrumented with thermocouples was used to

calibrate the PID parameters to best match the coupon time-

temperature history to the required test procedures. The cali-

bration was checked by conducting an apparent strain cycle

using a data sampling rate of once every 30 sec. Analyzing the

data showed that the GWP29 profile was met acceptably in

all heatup segments, except from 75 to 150 °F (25 to 65 °C),

where there was some lag in heating rate and overshoot of the

setpoint temperature. The lag and overshoot in this segment
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Figure 3.22.--Dryden parabolic clamshell, infrared, radiant heating chamber and susceptor.

Process variable I

Process variable 2

(S-type thermocouple)

(K-type thermocouple)

Figure 3.23.---Block diagram of Dryden apparent strain and ddft coupon cascade temperature
control.

existed in all of the Dryden apparent strain time-temperature

data, although it is not believed to have significantly affected

the actual apparent strain data. The cooling rate requirement

was attained in all segments from 1500 °F (815 °C) down to

750 °F (400 °C), below which temperature natural cooling
dominated.

The performance improved at the 10 F deg/min (5.6 C deg/

min) heating/cooling rate. Also, heating and cooling perfor-

mance on a _-21S TMC coupon was observed to be improved

over that on an IN100 coupon because the _1-21S has lower
thermal mass.

The general test procedure (chapter 2) required that the

temperature be stabilized to within +5 F deg (+ 3 C deg) of

the required temperature during the process of taking the
data at each test temperature. Also, to ensure that the

coupon was isothermal, all thermocouples on a test speci-

men had to agree to within +5 F deg (+ 3 C deg) at steady-

state conditions. To determine the ability of the radiant

furnace to meet these criteria, Dryden conducted a test to

determine the temperature distribution on the calibration

coupon. The coupon was instrumented with thermocouples

at several locations around its face and through its thickness
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at onelocation.Usingthetime-temperatureprofilefrom
chapter2, coupontemperaturedistributionsweredeter-
minedafterholdperiodsof5minateachtesttemperature.
Theconditionsdescribedinchapter2weremetacrossthe
gagedsectionofthecouponatalltesttemperatures.Gradi-
entsthroughthethicknessofthecouponwerelessthan6F
deg(+3.3Cdeg),indicatingthatthepotentialforthermal
straineffectsonthestrainmeasurementwassmall.

3.4.2 Operational Procedures for Apparent
Strain and Drift Tests

The procedures used to conduct each test were nearly iden-
tical, with the only differences being in the setup of the data

acquisition system display and the time-temperature profile set

into the temperature programmer. The procedures were as
follows:

1. The position of the coupon was checked to ensure that it

was level and centered inside the susceptor.
2. Resistance measurements were made by using the four-

wire method (chapter 2).
3. Data acquisition system recording and real-time graphics

were set up.
4. The time-temperature profiles for the test and cycle were

entered into the temperature programmer.

5. The temperature programmer was then enabled and auto-

matically ran the test.
6. The furnace was opened at the appropriate cooldown

temperature for the test (chapter 2).
7. Resistance measurements were made by using the four-

wire method (chapter 2).

3.4.3 Gage Factor Test Equipment

To conduct the gage factor tests, Dryden used a high-

temperature furnace, a power and temperature control system,

and a special fixture for deflecting a cantilevered-beam load bar

to specified surface strains. The Dryden load bars were designed

to fit precisely in the fixture. Figure 3.24 shows the equipment.
The furnace, a Marshall Furnace Co. Model 2250, was of

conventional split-tube design with resistance heating ele-
ments embedded in ceramic insulation and was 24 in. long with

a 5-in. bore. It was capable of continuous operation to at least

2200 °F (1205 °C). In use the furnace surrounded the load bar,

the truss structure, and the clamping beam. The furnace had a

total of four zones, one each surrounding the load bar and the

clamping beam plus two end zones.
Power control was furnished by a single, 45-A maximum

load, alternating-current-operating, solid-state relay for each

zone. Temperature control of the individual zones was provided

by Eurotherm Model 847 PID setpoint controllers. In the zone

Figure 3.24.--Dryden high-temperature furnace and fixture for deflection of load bar.
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surrounding the load bar, temperature control for large setpoint

changes was provided by a thermocouple located at the heating

element surface. Control for fine setpoint adjustment was

switched to a thermocouple attached to the load bar. Feedback

control in each of the other zones was provided by AWG #8,

type K thermocouples located at the element surface.

The fixture consisted of an exterior carbon steel support

frame mounted on legs with leveling screws, the cantilevered

clamping beam assembly, a deflection gage support structure,

deflection measurement instruments, and loading mandrels.

The exterior box frame was designed to resist the mandrel
loads and moment induced at the root end of the cantilevered

clamping beam, with a minimum amount of deflection in the
frame.

The cantilevered clamping beam was fabricated from

2.25-in.-square Inconel X750 bar stock. It was clamped to the

support structure by means of six Inconel bolts. To minimize

heat flow from the clamping beam into the cooler support

structure, high-compressive-strength, low-thermal-conductivity

A1203 thermal insulation spacer blocks were used between the

support structure and the side faces of the clamping beam. The

clamping beam rigidly clamped the end of the load bar but
resulted in temperature gradients along the length of the load

bar. These gradients, although small, can cause errors in the

strain measurement due to small variations in Young's modu-

lus caused by these gradients. Experiments to characterize

these gradients were conducted on a load bar specially instru-
mented along its length with thermocouples. The temperature

gradient was essentially the same at each GWP29 gage factor

test temperature, varying from -5 to 8 F deg (-3 to 5 C deg). A

least-squares, curve-fitted equation supplied the basis for cor-
rections made to the test data.

The deflection gage truss, fabricated from Inconel X750,

was welded to the end of the clamping beam. Consequently, the

measured deflections represent the relative deflection of the

load bar between the plane of fixity and the point of deflection

measurement as shown in figure 3.25. The deflection measure-

ment was therefore essentially independent of the deflection of

the clamping beam itself, which was relatively small.
Schaevitz Model GCA-121 linear variable displacement

transducers (LVDT's) were used to measure the actual deflec-

tions of the load bar. Before use, the LVDT's were calibrated

by measuring their output versus the deflection of a precision
micrometer mounted in a dedicated LVDT calibration stand.

Corrections for small amounts of instrument nonlinearity and

hysteresis were applied to the measured deflection data before

calculating load bar strains. The LVDT's were protected from

heat by thermally isolating the LVDT yoke from the deflection

gage support truss.

With loading mandrels on each side of the load bar, it is

possible to subject a gage to reverse strain cycles (i.e., 0 to +e

to 0 to--e to 0) or to the opposite sequence without removing and

repositioning the load bar.
The true-strain-versus-deflection calibration curve for each

GWP29 gage location was obtained from a least-squares curve

fit of the average strain of two commercial foil gages installed
on either side of the load bar centerline at these locations. A

schematic diagram of the fixture is shown in figure 3.25. The

Strain gage--_

\
\

Point of
L

deflection

Plane of
fixity of
clamping
beam

Point of load

application .........

Cantilevered beam ......

Figure 3.25._Schematic of Dryden gage factor equipment.
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theoretical swain versus deflection at a point where a gage was

located is given by the equation

where

6_x gc
e - (3.1)

E strain on surface of load bar, kte

deflection of load bar, in.

Xg gage location (distance from point of application of load to
gage center), in.

c distance from neutral axis to surface of load bar, in.

L length of load bar (distance from point of application of

load to plane of fixity of cantilevered beam), in.

x5 deflection measurement location (distance from point of

application of load to location at which deflections are
measured), in.

The equation for calculating the estimated uncertainty in the

strain measurements was found by differentiating the absolute

value of the logarithm of the theoretical strain equation and collecting

terms. The swain uncertainty, or error, was then given by

de=e +--+--+2dL --+--
X g c L - x6 2L + x_

+<:x 111L _ 2L - x 8
(3.2)

The uncertainty in the deflection measurement d_ from
manufacturers' literature was 0.0001 in. The constituent uncer-

tainties of the various distance terms come from the standard

deviation of a survey of historical measured data for these

quantities in the fixture. The uncertainty in gage location dxg
was 0.01 in. The uncertainty in the neutral axis distance dc was

0.0005 in. The uncertainty in the length of the cantilevered

beam dL was 0.056 in., and the uncertainty in location of the

deflection measurement dx8 was 0.01 in. For IN100 load bars

the uncertainty varied from 1.93% of the measured strain at

_+400 lag down to 1.80% of the measured strain at +2000 _. For
TMC load bars the uncertainties varied from 1.88% down to

1.84% from +400 lm to _+1200 Ira.

The Dryden load bar was a cantilevered beam with a constant

cross section and dogbone-style ends. See figure 3.26. It was

designed to be heated either by driving direct current through

the bar by means of electrodes connected to the dogbone ends

of the bar or by conventional furnace heating. The latter mode

was ultimately selected for GWP29 tests because lower thermal

gradients resulted along the length of the load bar with furnace

heating.

3.4.4 Operational Procedures for Gage Factor Tests

The following procedures were used for all gage factor tests:

1. Load bar alignment and clamping bolts were checked.

2. Resistance measurements were made using the four-wire

method (chapter 2).

3. Data acquisition system recording and real-time graphics

were set up. For open-loop control during heating, displays

showed the thermocouples along the length of the load bar.
4. The furnace was heated and cooled to the test temperature

by using the procedure established during the temperature
calibration test, until a steady-state condition was reached and

thermal gradients along the length of the load bar were
minimized.

5. The strain gages were recalibrated and rezeroed in order

to reference the gage factor measurement to the test tempera-
ture. LVDT's were also rezeroed to correct for the effects of

thermal expansion in the load bar.

4.0(

00\
O O

" 15.69

Figure 3.26.---Dryden constant-cross-section, cantilevered-beam load bar used for GWP29 gage
factor tests. (Dimensions are in inches.)

t
2.25
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6. Deflection was applied to the load bar by the increments

listed in chapter 2 up to the maximum deflection to apply

2000 la_ to the load bar surface, recording gage output at each
increment. Deflection was removed from the load bar in the

same increments, again recording gage output at each increment.

7. LVDT's were rezeroed. Strain gages were not rezeroed

between opposed-direction deflections of the load bar but were

rezeroed during data reduction.

8. Steps 6 to 9 were repeated for each of the other test

temperatures.

9. Resistance measurements were made per chapter 2 by

using the four-wire method after the final step of the cycle had

been completed.

3.4.5 Data Acquisition System

All GWP29 testing at Dryden used a Measurements Group,

Inc., System 4000 fifty-channel data acquisition system, com-

plete with signal conditioning and direct-current power supply.

Being a turnkey package the System 4000 had simplified setup,

operation, maintenance, and calibration, such that all test-

related activities were accomplished by one test engineer and

one test technician. Before entering the GWP29 test phase all

strain gage and thermocouple signal-conditioning channels

were calibrated to ensure maximum measurement accuracy.

Gage factor setting was 2.0 for all tests, although the true gage

factor obtained from these tests was used to correct the apparent
strain and drift data. Shunt calibration was selected to simulate

2000 pE for all gages, although the actual value used for System

4000 varied slightly after being corrected for lead-wire desen-

sitization on each gage.

The dual-element, temperature-compensated BCL

(DETCBCL) gage was set up as a quarter-bridge. The internal

350-f_ completion resistors and the 120-_ dummy of the

signal-conditioning system were used in the bridge. The Sys-

tem 4000 option for correcting measurements for quarter-

bridge nonlinearity was used. Excitation voltage was 5 V. The

schematic of this bridge circuit is shown in figure 3.27.

The Langley compensated Kanthal AI (CKAI) signal-

conditioning configuration was set up as a half-bridge, using

the gage and compensating element on one side of the bridge

and data acquisition system internal 350-f_ resistors for bridge

completion. The System 4000 parameters were entered as for a

quarter-bridge, except that the option for correcting measure-

ments for quarter-bridge nonlinearity was not used. Excitation

voltage was 5 V. The schematic of this bridge circuit is shown

in figure 3.28.

The signal-conditioning configuration for the Lewis

palladium-chromium (PdCr) gage depended on the type of data

collected (apparent strain, drift, or gage factor). The apparent

strain setup used a full-bridge configuration so that external

completion resistors could be used to satisfy the need for

unequal completion resistor values. See bridge schematic in

figure 3.29. One precision resistor and one potentiometer per

channel were used for the completion resistors, and precision
decade boxes were used for the ballast resistance. The System

4000 configuration was also used for a full bridge. Excitation

voltage was 2 V for all PdCr gages.

Preliminary work was conducted to determine the interface

for the PdCr gage to the data acquisition system used at Dryden

for apparent strain testing. The standard full-bridge equation

used by the System 4000 software assumes that initial resis-
tances in each arm of the bridge are equal and thus reduces to

e o

E
GF

(3.3)

l
E_

R1
r iI

DETCBCL

'E
&'

Rgc

Figure 3.27---Schematic of Wheatstone bridge for Dryden DETCBCL gage.
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Figure 3.28.---Schematic of Dryden Wheatstone bridge for Langley CKA1 gage.
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Figure3.29.--Schematic of Dryden Wheatstone bridge for Lewis PdCr apparent

strain tests.

where

e strain

eo output voltage

E excitation voltage

GF gage factor

The initial resistances in the arms of the PdCr apparent strain

bridge were not all equal. The completion resistors were not

necessarily equal, and the total resistance in the compensating

arm (compensating element resistance plus ballast resistance)

was not necessarily equal to the resistance in the gage arm. The

schematic for this bridge circuit is shown in figure 3.30. The

bridge equation (ref. 3.3) for the PdCr gage is thus

(A£) T

where

(Ae)T

T

Rb

R'
c

(3.4)
GF

apparent strain

temperature

ballast resistance

R c + rc, where R c is original room-temperature resis-

tance of compensating element and rc is original
room-temperature resistance of compensating ele-
ment lead wire
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Figure 3.30.--Schematic of Dryden Wheatstone bridge for Lewis PdCr drift strain
and gage factor tests.

r

R
g Rg + rg, where Rg is original room temperature resis-

tance of gage element and rg is original room-

temperature resistance of gage element lead wire

GF' gage factor of compensated gage

Correction factors equal to the ratio of equation (3.3) to

equation (3.4) were applied to the entries into the data acquisi-

tion system in order to acquire the proper engineering units for

the PdCr gage by using the built-in equation of the data acqui-

sition system. Similar corrections were made for drift and gage

factor tests, although the correction factor was always 4 because

a one-to-one bridge was used, in which the total resistance in the

compensating arm is equal to the resistance in the gage arm.
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Chapter 4

Data Reduction and Analysis Methods

4.1 Introduction 4.2 Apparent Strain

The large volume of data and the diversity of data parameters

posed unique challenges to the data reduction process. Con-

Wasting requirements regarding the complexity and volume of

data to be analyzed were balanced against the available resources
and the need for identical treatment of data at distant locations

by close cooperation between the three centers and prudent

judgment.
Two steps were involved in converting the test data into the

results presented herein. The raw test data, which were col-

lected as described in chapter 2, were reduced into static

apparent strain, drift strain, and gage factor from the indicated

strains, temperatures, times, and true strains recorded in the

respective tests. Although specific data reduction methods

were determined by consensus between the three test centers,

the actual computational routines used to reduce the original

raw data varied slightly because different test equipment and

operational procedures were used.
After reduced data were obtained by each test center, the data

for each parameter for each gage type were combined to

improve statistical significance. Each center led the develop-

ment of data-processing procedures and display of results for

one of the parameters, using feedback from each of the other
centers to ensure the suitability of the computational routines.

An Apple Macintosh program, IGOR, from WaveMetrics was
used for all routines. The internal programming language,

extensive data analysis operations, and graphics capabilities in

IGOR met all the established requirements. Conformity in the

display of results for each parameter was achieved by having

the center that led in developing the procedures also perform the

processing. Dryden processed the apparent strain data, Langley

processed the drift strain data, and Lewis processed the gage
factor data.

Each center also conducted the figure-of-merit analysis for

the respective parameter for which data were processed. Much

of the input to the figure-of-merit analysis was included in the
routines that combined the data from the three centers, with the

exception of the analyses of gage repeatability with respect to

a certain parameter. These inputs were quantities derived from

gage performance data and are described in section 2.3.

4.2.1 Data Reduction Procedures

The key elements in reducing apparent strain data were the

selection of static apparent strain points from raw test data, the
combination of static data from the three test centers into a

statistical analysis of each gage type and the presentation of the

average apparent strain curve. Figure 4.1 is a flowchart of the

entire process.
An automated routine was written that selected static appar-

ent strain points from the entire set of apparent strain raw test

data on the basis of the temperature stability criteria specified

in chapter 2. The one point that best matched the set of criteria
was selected. The correction for lead-wire desensitization was

applied by each test center to the raw test data.
An automated routine was used to combine the individual

static apparent strains from each test center into one data set and

then to determine the statistical average and the upper and lower

95% confidence limits for the set of 12 gages tested at the three

test centers. Although failed gages were excluded from the

calculation of the average apparent strain curve, the upper and

lower 95% confidence limits were affected by failed gages

because Student's t distribution changed for each failed gage.

This same routine also applied a correction for the true gage

factor at the appropriate test temperature to the data for each of

the 12 gages before making the statistical calculations. Table 4.1

indicates which cycle of gage factor data was used to correct

which cycles of apparent strain data. For the purposes of data
correction, only the heatup half of the tension portion of the

respective cycle was used.

TABLE 4. I.--CORRELATION OF APPARENT

STRAIN AND GAGE FACTOR CYCLES FOR

CORRECTION OF GAGE -FACTOR -VERSUS-

TEMPERATURE VARIATION

Apparent strain cycle
1,2,3

4,5,6,7,8

9

10

11

12

Gage factor cycle

1

4

5

6

7

8
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Figure 4.1 .--Flowchart for apparent strain data processing.
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4.2.2 Data Reduction Routines

The following set of IGOR macros were used to process

GWP29 static apparent strain data into the graphs included in

the report. Although certain specific elements are somewhat

generic IGOR code, as a whole they were written specifically

for that purpose and would require considerable modification

to be used for data generated according to a different test plan.

PageMaker is a utility macro that executed the data-processing

macros to automatically create a page for the report containing

graphs for two apparent strain cycles. Inputs include the gage

type, the substrate material, and the cycle numbers for the two

graphs to be created.

Macro PageMaker (GageType,Substrate,CycleX,CycleY)

Variable GageType,Substrate,CycleX,CycleY

Prompt GageType,"l) DETCBCL, 2) CKA1, 3) PdCr"

Prompt Substrate,"l) INI00, 2) B21S TMC"

Prompt CycleX,"Initial cycle no: 1 - 12"

Prompt CycleY,"Next cycle no: 1 - 12"

End

if (CycleY<=CycleX)

Abort "Next cycle no. must be after the Initial cycle no."

else

AppStrain (GageType,Substrate,CycleX,0,1 )

AppStrain (GageType,Substrate,CycleY, 1, !)

Layout00

endif

AppStrain is a utility macro that integrated the individual

data-processing macros into one routine. For a single cycle of

data AppStrain executed the individual data-processing macros

that loaded the data, corrected them for gage-factor-versus-

temperature variation, split the data into heatup and cooldown

portions, and performed the statistical calculations to determine

the average and 95% confidence limits and to graph the

information.

Macro AppStrain (GageType,Substrate,CycleNo,PNswitch,LAxisSwitch)

Variable GageType,Substrate,CycleNo,PNswitch=0,LAxisSwitch= 1

Prompt GageType,"l ) DETCBCL, 2) CKA1, 3) PdCr"

Prompt Substrate,"l) IN100, 2) B21S TMC"

Prompt CycleNo,"l - 12"

Prompt PNswitch,"Select page numbering type: 0) None, 1) from file, 2) user input"

Prompt LAxisSwitch,"Select left axis scaling type: 0) Auto, 1) CL+10%, 2) user input"

End

PauseUpdate;Silent 1

DataLoader(GageType, Substrate, CycleNo)

GFTcorrector(GageType, Substrate, CycleNo)

SplitCycle0

StatCalc(GageType, Substrate, CycleNo)

EappGraph(GageType, Substrate, CycleNo, PNswitch,LAxisSwitch)

Beep

DataLoader built the names of files containing static appar-

ent strain data and associated temperature data from input codes

for the gage type, substrate material, and cycle number. It also

determined the path on the hard disk to follow to find these files

and then loaded these files into IGOR for processing.
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MacroDataLoader(GageType,Substrate,CycleNo)
VariableGageType,Substrate,CycleNo
PromptGageType,"1)DETCBCL,2)CKA1,3)PdCr"
PromptSubstrate,"1)IN100,2)B21STMC"
PromptCycleNo,"l- 12"

PauseUpdate;Silent1;Slow0
String load l="A", Ioad2="D", load3="E", loadi, DataPathString, DataFileString, OWaveString, RWaveString

String lpathl, lpath2, lpath3, lpath="Keith-80HD:Files:GWP29:GWP-29 Test Data:", CycleString

if (GageType=-- 1)

load I+="B";load2+="B";load3+="B"

endif

if (GageType==2)

load I+="K";load2+="K";Ioad3+="K"

endif

if (GageType==3)

load I +="P";Ioad2+="P";load3+="P"

endif

load I+='A";load2+="A";load3+="A"

if (Substrate== 1)

NewPath/O CoupNums "Keith-80HD:Files:GWP29:GWP-29 Test Data:DR&A Routines:Apparent Strain:IN100 Folder:"

LoadWave/O/q'/Q/P=CoupNums "IN 100.awav"

RemovePath CoupNums

endif

if (Substrate==2)

NewPath/O CoupNums "Keith-80HD:Files:GWP29:GWP-29 Test Data:DR&A Routines:Apparent Strain:TMC Folder:"

LoadWave/OfI'/Q/P=CoupNums "TMC.awav"

RemovePath CoupNums

endif

if (GageType== 1)

load 1+=num2istr(BSN[0]);load2+=num2istr(BSN[ 1]);load3+=num2istr(B SN[2])

endif

if (GageType==2)

Ioadl +=num2istr(KSN[0l);load2+=num2istr(KSN[ 1]);Ioad3+=num2istr(KSN[2])

endif

if (GageType==3)

Ioadl +=num2istr(PSN[0l);load2+=num2istr(PSN[ 1]);load3+=num2istr(PSN[2])

endif

print "Data will be analyzed for coupons "+LOADI+', "+LOAD2+", and "+LOAD3

iterate (3)

if (i==0)

loadi=load 1

else

if (i==l)

loadi=load2

else

loadi=load3

endif

endif

DataPathString=lpath+loadi+":Cycle"

if (CycleNo< 10)

CycleString=num2ista'(0)+num2istr(CycleNo)

else

CycleString=num2istr(CycleNo)

endif

DataPathString+=CycleString+" DR&A Folder:"

NewPath/O DataPath DataPathString

iterate (11 )
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End

if ((i>0)*(i<5))
DataFileString="TblSG"+num2istr(i)
if (j<2)

DataFileString+=".bwav"
else

DataFileString+=".awav"
endif

else
DataFileString="TblTC"+num2char(i+60)
if0<2)

DataFileString+=".bwav"
else

DataFileString+=".awav"
endif

endif
if (i==O)

DataFileString="TblTET"
if 0<2)

DataFileString+=".bwav"
else

DataFileString+=".awav"
endif

endif
if(j<2)

LoadWave/O/Q/P=DataPathDataFileString
else

LoadWave/T/O/Q/P=DataPathDataFileString
endif
RWaveString=loadi+"C"+CycleString+DataFileString[3,strlen(DataFileString)-6]
OWaveString=DataFileString[0,strlen(DataFileString)-6]
Rename$OWaveString$RWaveString

loop
RemovePathDataPath
Variablestr_end
if (Substrate==1)

str_end=9
else

str_end=8
endif
String/GAbase,Dbase,Ebase
if(i==0)

Abase=RWaveString[0,str_end]
else

if (i==l)
Dbase=RWaveString[0,str_end]

else
Ebase=RWaveString[0,str_endl

endif
endif

loop
KillWavesBSN,KSN,PSN

GFTcorrectordeterminedtheappropriatefileofgage-factor-
versus-temperature,curve-fitcoefficientsformakingcorrec-
tions(seetables5.16to5.27)basedontheinputcodesforgage

type,substratematerial,andcyclenumber.It thenloadedthe
fileandappliedthecorrectiontoall 12setsofapparentstrain
data.
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MacroGFFcorrector(GageType,Substrate,CycleNo)
VariableGageType,Substrate,CycleNo
PromptGageType,"1)DETCBCL,2)CKA1,3)PdCr"
PromptSubstrate,"1)IN100,2)B21STMC"
PromptCycleNo,"1- 12"

PauseUpdate;Silent1
Stringpathstring="Keith-80HD:Files:GWP29:TrueGFvTs:",coeffile,Base,ModSG,ModTC
VariableRGCN,ngages=12,GN,Ccnt,GFF,a0,al,a2,a3
if (Substrate==1)

coeffile='T'
endif
if (Substrate==2)

coeffile="T"
endif
if (GageType==l)

coeffile+="B"
endif
if (GageType==2)

coeffile+="K"
endif
if (GageType==3)

coeffile+="P"
endif
coeffile+="GFta.awav"
NewPath/OGFvTpathpathstring
LoadWave/O/T/Q/P=GFvTpathcoeffile
RemovePathGFvTpath
if (CycleNo<4)

RGCN=I
endif
if ((CycleNo>3)*(CycleNo<9))

RGCN=4
endif
if (CycleNo>8)

RGCN=CycleNo-4
endif
if (RGCN==1)

Ccnt=RGCN- 1

else

Ccnt=RGCN-3

endif

iterate (ngages)

if (i<4)

Base=Abase

GN=i+I

endif

if (0>3)*0<8))

Base=Dbase

GN=i-3

endif

if (i>7)

Base=Ebase

GN=i-7

endif

ModSG=Base+"SG"+num2istr(GN)

ModTC=Base+"TCB"

a0=GFta0[Ccntl;a 1=GFtal [Ccnt];a2=GFta2[Ccnt] ;a3=GFta3[Ccnt]
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End

iterate(numpnts($ModSG))
SModSG[il=$ModSG[i]*2.0/(a0+a1*$ModTC[i]+a2*$ModTC[i]^2+a3*$ModTC[i]^3)

loop
loop
KillWavesGFta0,GFtal,GFta2,GFta3

SplitCycleisanothermacrothatexpeditedthedataprocess-
ing,butinandofitselfdidnotprocessdata.Instead,SplitCycle

settheinputsforandexecutedtwoothermacros,ZeroShiftand
SplitData.

MacroSplitCycle0
PauseUpdate;Silent1
StringBase,DegF,Strain1,Strain2,Strain3,Strain,*
iterate(3)

if (i=--O)
Base=Abase

else
if (i==l)

Base=Dbase
else

Base=Ebase
endif

endif
DegF=Base+"TCB';Strainl=Base+"SGl";Strain2=Base+"SG2"
Strain3=Base+"SG3";Strain4=Base+"SG4"
ZeroShift(Base)
SplitData(DegF,Strainl,Strain2,Strain3,Strain4)

KillWaves$DegF,$Strainl,$Strain2,$Strain3,$Strain4

loop
End

Icommentthislineouttokeepinputwaves

ZeroShiftwascalledfromthe macro SplitData. It used as the

only input a base string from which names of several associated

data waves were built. It also created a new wave, also built on

the base string, into which the zero shift values were placed for

the particular set of apparent strain data waves referenced by the

base string. Finally, the zero shifts were subtracted from each

of the points in the apparent strain waves. Thus, the data

displayed in the report were corrected for zero shifts. The wave

containing the zero shift values was saved as a separate file in

order to expedite production of tables 5.2 to 5.13 in chapter 5.

Proc ZeroShift(Base) ICorrects for Zero Shift

String Base

PauseUpdate;Silent 1

String ZSV=Base+"ZSV",Strain,destpath="Keith-80HD:Files:GWP29:Eapp ZS:",destfile

Make/N=4/O $ZSV,rezero

iterate (4)

Strain=Base+"SG"+num2istr(i+ 1)

SZS V[i]=$Strain[numpnts($Strain)- 1]-$Strain[01

rezeroIil=$Strain[01

$Strain=$Strain-rezeroli]

loop
destfile=ZSV+".awav"

NewPath/O savepath, destpath
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Save/T/O/P=savepath $ZSV as destfile

RemovePath Savepath

KillWaves rezero

EndMacro

SplitData did the actual dividing up of data into heatup and

cooldown portions. The four apparent swain data waves and

their associated wave of temperature data were input to the

macro from SplitCycle. The IGOR WaveStats operation was

used to determine the relative location in the temperature wave

of the maximum temperature and the number of points in the

wave. Using this information about the wave of temperature

data, it created new waves for the heatup and cooldown data.

Proc SplitData (ReferenceWave, DataWavel, DataWave2, DataWave3, DataWave4)

String ReferenceWave, DataWavel, DataWave2, DataWave3, DataWave4

End

PauseUpdate;Silent 1

String SplitRefl=ReferenceWave+" H', SplitRefD=ReferenceWave+"_C", SplitDat 11=DataWave I +"_H", SplitDat 1D=DataWave 1+"_C"

Slring SplitDat21=DataWave2+"_H", SplitDat2D=DataWave2+"_C", SplitDat3I=DataWave3+"_H",SplitDat3D=DataWave3+"_C"

String SplitDat4I=DataWave4+" H',SplitDat4D=DataWave4+"_C"

WaveStats/Q $ReferenceWave

Make/N=(V_maxloc+l)/O $SplitRefl, $SplitDatll, $SplitDat2I, $SplitDat3I, $SplitDat4l

Make/N=(V_npnts-V_maxloc)/O $SplitRefD, $SplitDatl D, $SplitDat2D, $SplitDat3D, $SplitDat4D

iterate (V_maxloc+ 1)

$SplitRefI[i]=$ReferenceWave[i]; $SplitDat 11[i]=$DataWavel [i]

$SplitDat2I[i]=$DataWave2[i]; $SplitDat3I[il=$DataWave3[i];$SplitDat4l[i]=$DataWave4[i]

$SplitRefD[i]=$ReferenceWave[V_npnts-l-i]; $SplitDat 1D[il=$DataWave 1[V_npnts- l-i]

$SplitDat2D[i]=$DataWave2[V_npnts- l-i]; $SplitDat3D[i]=$DataWave3[V_npnts- l-i]

$SplitDat4D[i]=$DataWave4[V_npnts- l-i]

loop

StatCalc was used to determine the average of the 12 gages

and the upper and lower 95% confidence limits, as well as for

making the calculations for the inputs to the scatter, magnitude,

and slope figures of merit. Using the input gage type, the

substrate material, and the cycle number, it built names for each

of the 12 static apparent strain waves Waves were created for

the statistical parameters, as well as for an average of the three

reference temperature waves. As the routine scrolled down

each heatup and cooidown wave for each of the 12 gages, the

points for equivalent temperatures were picked off and placed

into an intermediate wave. By using the IGOR WaveStats

operation, the average of the 12 gages was determined, as well

as the standard deviation, which was used for the confidence

limit calculation. Failed gages, which were assigned nonnumeric

values, were automatically accounted for by the WaveStats

operation. WaveStats decremented an internal counter of the

valid data points by the number of nonnumeric values found in

the data. Once the average strain and temperature waves had

been obtained, the figure-of-merit inputs were calculated.

Macro StatCalc(GageType, Substrate, CycleNo)

Variable GageType, Substrate, CycleNo

Prompt GageType, "1) DETCBCL, 2) CKA1, 3) PdCr"

Prompt Substrate, "1) IN100, 2) B21S TMC"

Prompt CycleNo, "i - 12"

PauseUpdate;Silent 1

String name0, namel, name2

String gage='_SG", TC="TCB", hh="_H", ch="_C", Base, ModSGh, ModSGc, ModTCh, ModTCc, GT, SM, CN

Variable npnts, ngages= 12, GN

Make/N=(ngages)/O transferSGh, transferTCh, transferSGc, transferTCc

if (GageType== 1)
GT="B"
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else
if (GageType==2)

GT="K"
else

GT="P"
endif

endif
if (Substrate==1)

SM='T'
else

SM="T"
endif

if (CycleNo< 10)

CN=num2istr(0)+num2istr(CycleNo)

else

CN=num2istr(CycleNo)

endif

if (CycleNo<9)

npnts=9

else

if (CycleNo<l 1)

npnts=10

else

npnts= 11

endif

endif

String ASGh=GT+SM+CN+"_AH", ATCh=GT+SM+CN+" TH", ASGc=GT+SM+CN+" AC", ATCc=GT+SM+CN+"_TC"

String USGh=GT+SM+CN+"_UH', LSGh=GT+SM+CN+"_LH", USGc=GT+SM+CN+"_UC", LSGc=GT+SM+CN+"_LC"

Make/N=(npnts)/O $ASGh, $ATCh, $ASGc, $ATCc, $USGh, $LSGh, $USGc, $LSGc

iterate (npnts)

iterate (ngages)

if 0<4)

Base=Abase

GN=i+I

endif

if ((i>3)*(i<8))

Base=Dbase

GN=i-3

endif

if (i>7)

Base=Ebase

GN=i-7

endif

ModSGh=B ase+"SG"+num2istr(GN)+hh

ModSGc=Base+"SG"+num2istr(GN)+ch

ModTCh=B ase+"TCB'+hh

ModTCc=B ase+"TCB'+ch

transferSGh[i]=$ModSGh[j]

transferTCh[i]=$ModTCh[j]

transferSGc[i]=$ModSGc[j]

transferTCc[i]=$ModTCc[j]

loop

WaveStats/Q transferSGh

SASGh|i]=V_avg

$USGh[il=V_avg+t95CL(V_npnts)*V_sdev

$LSGh[i]=V_avg-t95CL(V_npnts)*V_sdev

WaveStatsdQ transferTCh

$ATCh[i]=V_avg
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End

WaveStats/QlransferSGc
$ASGc[i]=V_avg
$USGc[i]=V_avg+t95CL(V_npnts)*V_sdev
$LSGc[i]=V_avg-t95CL(V_npnts)*V_sdev
WaveStats/QtransferTCc
$ATCc[il=V_avg

loop
StringFMinH=GT+SM+CN+"_FMinH",FMinC=GT+SM+CN+"_FMinC"
Make/N=3/O$FMinH,$FMinC
StringASGhI=GT+SM+CN+"_AHi",ATChI=GT+SM+CN+"_THi",ASGcI=GT+SM+CN+"_ACi",ATCcI=GT+SM+CN+"TCi"
StringUSGhI=GT+SM+CN+"_UHi",LSGhI=GT+SM+CN+"_LHi",USGcI=GT+SM+CN+"_UCi",LSGcI=GT+SM+CN+"_LCi"
Make/N=256/O$ASGhI,$USGhI,$LSGhI,$ASGcI,$USGcI,$LSGcI
lnterpolate/N=256/E=I/I/Y=$USGhl/X=$ATChI$USGh/X=$ATCh
lnterpolate/N=256/E=i/I/Y=$LSGhl/X=$ATChl$LSGh/X=$ATCh
lnterpolate/N=256/E=I/I/Y=$ASGhl/X=$ATChI$ASGh/X=$ATCh
lnterpolate/N=256/E=I/I/Y=$USGcI/X=$ATCcl$USGc/X=$ATCc
Interpolate/N=256/E=1/UY=$LSGcI/X=$ATCcI$LSGc/X=$ATCc
Interpolate/N=256/E=1/I/Y=$ASGcl/X=$ATCcl$ASGc/X=$ATCc
WaveStats/Q$ATChI
Make/N=256UCL_LCL;UCL_LCL=$USGhI-$LSGhl
UCL_LCL=abs(UCL_LCL)
$FMinH[0]=AreaXY($ATChI,UCL_LCL,V_min+1,V_max-1) IScatter
Duplicate/O$ASGhldedT
Duplicate/O$ATChIdTdp
DifferentiatededT,dTdp
dedT/=dTdp
dedT=abs(dedT)
$FMinH[2]=AreaXY($ATChI,dedT,V_min+1,V_max-1)
WaveStats/Q$ASGhI
$FMinH[1]=V_max-V_min
WaveStats/Q$ATCcI
UCL_LCL=$USGcI-$LSGcI
UCL_LCL=abs(UCL_LCL)
$FMinC[0]=AreaXY($ATCcI,UCLLCL,V_min+1,V_max-1) IScatter
Duplicate/O$ASGcIdedT
Duplicate/O$ATCcIdTdp
DifferentiatededT,dTdp
dedT/=dTdp
dedT=abs(dedT)
$FMinC[2]=AreaXY($ATCcl,dedT,Vmin+1,Vmax-1)
WaveStats/Q$ASGcI
$FMinC[1]=V_max-V_min
destfile=GT+SM+CN+".awav"
NewPath/Osavepath,destpath
Save/q'/O/P=savepath$FMinH,$FMinC,asdestfile
RemovePathsavepath
KillWavesdedT,dTdp,transferSGh,transferTCh,transferSGc,transferTCc

KillWaves$ASGhI,$USGhl,$LSGhI,$ASGcI,$USGcI,$LSGcI,UCL_LCL

ISlope

IMagnitude

tSlope

IMagnitude

Thefunctiont95CLusedacurvefit tothetableof95%
confidencevaluesversusthedegreesoffreedomtodetermine
aStudent'st value.

Function t95CL(nsamples)

Variable nsamples

Variable a= 1.655565351, b= 12.4319945888558, c=-6.8427630580109, d=-7.7736507612652, studt, x=nsamples- 1
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End

liltgoodforx<120
studt=a+b/(x*sqrt(x))+c*ln(x)/x^2+d/x^2
Returnstudt

AreaXYandBinarySearcharefunctionsprovidedby
WaveMetricsasextrastoIGORthatenableareacalculationsto

arbitrarilyspacedx-y data. (Note that IGOR's intemal area

function requires data to be evenly spaced.)

I return p such that x is straddled by xwave[p] and xwave[p+l]
I return - 1 if offscale at zero end or -2 if offscale at other end

I

Function BinarySearch(xwave, x)

Wave xwave

Variable x

variable n= numpnts(xwave), tmp

variable increasing= xwave[n- 1] > xwave[0]

variable jl= -1, ju= n

variable jm

I lower and upper bounds

I midpoint

if( x == xwave[0l )
return 0

endif

if( x -- xwave[n-1] )

return n- 1

endif

I special case for endpoints

end

if( increasing )

if( x > xwave[n-ll )
return -2

endif

else

if( x < xwave[n-l] )

return -2

endif

endif

do

if(ju-jl <= 1 )

break;

endif

jm= floor((ju+jl)/2)

if( (x >= xwave[jml) == increasing )

jl=jm

else

ju=jm

endif

while( 1)

return jl

I given a tabulated function with monotonically increasing or decreasing

I x values, return the trapezoidal area over an interval. NaN is
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Ireturnedif theintervalisoutofrange.
I
IREQUIRES:BinarySearch0
I
FunctionAreaXY(xwave,ywave,a,b)

Wavexwave,ywave Ixwavemustbemonotonic!
Variablea,b Ilimitsofintegration

variablen=numpnts(xwave),tmp
variableincreasing=xwave[n-1]>xwave[0],reversed=0

if(increasing)
if(a>b)

tmp=a
a=b
b=tmp
reversed=1

endif
else

if(a<b)
tmp=a
a=b
b=tmp
reversed=1

endif
endif

End

variablepa=BinarySearch(xwave,a),pb=BinarySearch(xwave,b)
if((pa<0)% (̂pb<0))

returnNaN Iaorbisoutofrange
endif
pb+=1
Inowweknowthataandbaresomewherebetweenxwave[pa}andxwave[pb]inclusive
variablef=(xwave[pa+l]-a)/(xwave[pa+l]-xwave[pal)
variabley=f*ywave[pa]+(l-f)*ywave[pa+1] Iinterpolatedyata
variablearea=(y+ywave[pa+l])*(xwave[pa+lI-a)/2 Iareafromatonextpoint
do

pa+=1
if(pa>=pb)

break;
endif
area+=(ywave[pal+ywave[pa+1])*(xwave[pa+1]-xwave[pal)/2

while(l)
if(pb!=n)

f=(xwave[pbl-b)/(xwave[pb]-xwave[pb-1])
y=f*ywave[pb-1]+(1-f)*ywave[pb]
area-=(y+ywave[pb])*(xwave[pb]-b)/2

endif
if(reversed)

return-area
endif
returnarea

Iinterpolatedyatb
Icorrectforareafrombtolastpoint

EappGraphplottedeachheatupandcooldownwaveforall
12gages,usedcubic-splineinterpolationto graphsmooth
curvesfortheaverageandtheconfidence]imits,andaddedthe

necessaryannotationandlegendtothegraphforasinglecycle
ofapparentstraindata.
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Macro EappGraph(GageType,Substa-ate,CycleNo,PNswitch,LAxisSwitch)

Variable GageType,Substrate,CycleNo,PNswitch--0,LAxisSwitch= 1

Prompt GageType,"l) DETCBCL, 2) CKAI, 3) PdCr"

Prompt Substrate,"l) INI00, 2) B21S TMC"

Prompt CycleNo,"l - 12"

Prompt PNswitch,"Select page numbering type: 0) None, 1) from file, 2) user input"

Prompt LAxisSwitch,"Select left axis scaling type: 0) Auto, 1) CL+10%, 2) user input"

PauseUpdate; Silent 1 I building window...

String gage="SG", TC="TCB", hh="_H", ch="_C", Base, ModSGh, ModSGc, ModTCh, ModTCc, GT, SM, CN, GageT, SubMat

Variable npnts, ngages= 12, GN, LARct=7, FN0

if (GageType== 1)

GT="B";GageT="DETCBCL"

else

if (GageType==2)

GT="K";GageT="CKA 1"

else

GT='P";GageT="PdCr"

endif

endif

if (Substrate== 1)

SM='T';SubMat="IN 100"

else

SM="T";SubMat="I321S TMC"

endif

if (CycleNo< 10)

CN=num2istr(0)+num2istr(CycleNo)

else

CN=num2istr(CycleNo)

endif

String ASGh=GT+SM+CN+"_AH", ATCh=GT+SM+CN+"_TH", ASGc=GT+SM+CN+"_AC", ATCc=GT+SM+CN+"_TC"

Sa'ing USGh=GT+SM+CN+"_UH", LSGh=GT+SM+CN+"_LH", USGc---GT+SM+CN+"_UC", LSGc=GT+SM+CN+" LC"

String ASGhI=GT+SM+CN+"_AHi", ATChI=GT+SM+CN+"_THi", ASGcI=GT+SM+CN+"_ACi", ATCcI=GT+SM+CN+"_TCi"

String USGhI=GT+SM+CN+"_UHi", LSGhI=GT+SM+CN+"_LHi", USGcI=GT+SM+CN+"_UCi", LSGcI=GT+SM+CN+"_LCi"

Make/N=256/O $ASGhl, $USGhl, $LSGhl, $ASGcI, $USGcl, $LSGcl

Interpolate/N=256/E= 1/I/Y=. _,USGhl/X=$ATChI $USGh/X=$ATCh

Interpolate/N=256/E= I/I/Y=. _,LSGhI/X=$ATChI $LSGh/X=$ATCh

Interpolate/N=256/E= 1/I/Y=_ ;ASGhl/X=$ATChl $ASGh/X=$ATCh

lnterpolate/N=256/E= I/I/Y=_ ',USGcl/X=$ATCcl $USGc/X=$ATCc

Interpolate/N=256/E= I/I/Y=_ ;LSGcl/X=$ATCcI $LSGc/X=$ATCc

Interpolate/N=256/E= 1/I/Y=_ ',ASGcl/X=$ATCcl $ASGc/X=$ATCc

Display $ASGhl, $USGhl, $LSGhI vs $ATChI I/W=(3, 42,637,477)

Append $ASGcl, $USGcI, $LSGcl vs $ATCcI

Make/O/N=8 LAxisRange

WaveStats/Q $USGhl

LAxisRange[01=V_max

LAxisRange[ 1]=V_min

WaveStats/Q $LSGhl

LAxisRange[2]=V_max

LAxisRange[3]=V_min

WaveStats/Q $USGcl

LAxisRange[41=V_max

LAxisRange[5 l=V_min

WaveStats/Q $LSGcl

LAxisRange[6l=V_max

LAxisRange[7l=V_min

iterate (ngages)

if (i<4)
Base=Abase
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GN=i+1
endif

if ((i>3)*(i<8))

Base=Dbase

GN=i-3

endif

if 0>7)

Base=Ebase

GN=i-7

endif

ModSGh=Base+"SG"+num2istr(GN)+hh

ModSGc=Base+"SG"+num2istr(GN)+ch

ModTCh=Base+"TCB"+hh

MoclTCc=Base+"TCB"+ch

Append $ModSGh vs $ModTCh

Append $ModSGc vs $ModTCc

Redimension/N=(numpnts(LAxisRange)+4) LAxisRange

WaveStats/Q $ModSGh

LAxisRange[LARct+i+ 1l=V_max

LAxisRange[LARct+i+2]=V_min

WaveStats/Q $ModSGc

LAxisRange[LARct+i+3]=V_max

LAxisRange[LARct+i+41=V_min

if 0<4)

Modify marker($ModSGh)=8, marker($ModSGc)= 19

endif

if (0>3)*0<8))

Modify marker($ModSGh)=5, marker($ModSGc)= 16
endif

if 0>7)

Modify marker($ModSGh)=6, marker($ModSGc)=l 7

endif

Modify mode($ModSGh)=3, mode($ModSGc)=3

loop

String CelSGdat=ModSGc+"_C', CelTCdat=ModTCc+"_C", heatrate, coolrate

Duplicate/O $ModSGc $CelSGdat

Duplicate/O $ModTCc $CelTCdat

$CelTCdat=($ModTCc-32)/1.8

Append/r $CelSGdat vs $CelTCdat

Modify gFont="Helvetica", gfSize=12, gmSize=3, mode($ASGhI)--O, 1Size($ASGhI)= 1.5, IStyle($ASGhI)--O, mode($ASGcl)=0,

ISize($ASGcI)=l.5, 1Style($ASGcI)=l

Modify mode($USGhI)=0, 1Style($USGhI)=2, mode($LSGhI)--O, IStyle($LSGhl)=2

Modify mode($USGcI)=0, lStyle($USGcI)=3, mode($LSGcI)--O, IStyle($LSGcI)=3

Modify grid(left)=2, grid(bottom)=2, tick=2, zero(left)= 1, mirror(left)= 1, minor=-1, lblMargin(left)--10, lblMargin(bottom)=6, standoff=0

Label left "Apparent Strain, kF'Symbol'me"

Label bottom "Temperature, °F"

Label top "Temperature, °C"

if (LAxisSwitch==0)

SetAxis/A left

endif

if (LAxisSwitch== 1)

WaveStats/Q LAxisRange

print "Left Axis Range Max:',V_max,"Left Axis Range Min:",V_min

SetAxis left V_min-. 1*abs(V_min),V_max+. 1*abs(V_max)

endif

if (LAxisSwitch==2)

NewPath/O LAR "Keith-80HD:Files:GWP29:Final Report:Apparent Strain Grapher Folder:"

LoadWave/O/T/Q/P=LAR "LftAxRng.awav"
RemovePath LAR
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SetAxisleftLftAxRng[0],LftAxRng[1]
KillWavesLftAxRng

endif
WaveStats/Q$ATChl
SetAxisbottom0,V_max+10
SetAxistop-17.7778,((V_max+10)-32)/1.8
Modifymode($CelSGdat)=2,mSize--O
if ((CycleNo<3)+(CycleNo>6))

heatrate="10"
else

heatrate="60"
endif
if ((CycleNo==5)+(CycleNo==6))

coolrate="60"
else

coolrate="10"
endif
Variable/GFN
if(GageType==1)

if(Substrate==1)
FN0=-25

else
FN0=61

endif
else

if(GageType==2)
if(Substrate==1)

FN0=-1
else

FNO=37
endif

else
if(GageType==3)

if (Substrate==1)
FN0=-13

else
FN0=-49

endif
else

Abort
endif

endif
endif
FN=FN0+CycleNo-1
Textbox/F----0/A=MB/E"Figure5.1."+num2istr(FN)+"."+GageT+"GageCycle"+num2istr(CycleNo)+"ApparentStrainon"+SubMat
Legend/J/A=LB/T={100} "_Z10Heat-up:\tCool-down:"
AppendText"\s("+Abase+"SGl"+hh+")LaRCdata \s("+Abase+"SGl"+ch+")LaRCdata"
AppendText"\s("+Dbase+"SGl"+hh+")DFRCdata\s("+Dbase+"SG1"+ch+")DFRCdata"
AppendText"\s("+Ebase+"SGl"+hh+")LeRCdata \s("+Ebase+"SGl"+ch+")LeRCdata"
AppendText"£s("+GT+SM+CN+"_AHi)Average£s("+GT+SM+CN+"_ACi)Average"
AppendText"ks("+GT+SM+CN+"_UHi)95%CL £s("+GT+SM+CN+"_UCi)95%CL"
AppendText"Heating/CoolingRate(°F/min):"+heatrate+"/"+coolrate
if (PNswitch=--0)

TextBox/F=0/Y=-10/A=MB/E....
endif
if (PNswitch==1)

NewPath/ONumbers"Keith-80HD:Files:GWP29:FinalReport:ApparentStrainGrapherFolder:"
LoadWave/O/T/Q/P=Numbers"PNo_FNo.awav"
RemovePathNumbers
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FindLevel/QFigNo,FN
VariablePN
PN=PageNo[V_LevelX]
TextBox/F--0/Y=-10/A=MB/E"5."+num2istr(PN)
KillWavesPageNo,FigNo

endif
if (PNswitch==2)

String/GUPN='"'
UserPN0
TextBox/F=0/Y=-10/A=MB/EUPN

endif
EndMacro
ProcUserPN(UserPageNo)

StringUserPageNo
PromptUserPageNo,"Entercustompagenumberforgraph:"
UPN=UserPageNo

End

ThisIGORlayoutscalesandplacesgraphsfortwoapparent
straincyclesontoonepage.

WindowLayout00:Layout
PauseUpdate;Silent1 Ibuildingwindow...
Layout/I/W=(.25,.25,6,6.5)Graph0(1,1,7.5,5.63)/0=l/F=O,Graphl(1,5.56,7.5,10.25)/O=1/F=0

EndMacro

Theapparentstrainrepeatabilityfiguresofmeritwerecalcu-
latedbyusingtheroutinesReportComparesandEappRepeat.
ReportComparesisautilitymacrothatexecutedEappRepeat
foreachoftherepeatabilitycomparisonstobemadeandsaved
theresultantinputsto thefigure-of-meritcomparisonin a
separatefile foreachgagetype/substratecombination.The

cycledesignationsfortherepeatabilitycomparisonswerestored
inwaves"First"and"Second,"andloadedintotheroutinefor
execution.Otherrepeatabilitycomparisonscouldbemade
quicklyandeasilysimplybyenteringdifferentcyclenumbers
intothesewaves.

MacroReportCompares(GageType,Substrate)
VariableGageType,Substrate
PromptGageType,"Entergagetype:1)DETCBCL,2)CKAI,3)PdCr"
PromptSubstrate,"Entermaterialtype:1)IN100,2)B21STMC"

PauseUpdate;Silent1
StringSeqPath="Keith-80HD:Files:GWP29:FinalReport:ApparentStrainRepeatFolder:",GT,SM
NewPath/OGWP29SeqSeqPath
LoadWave/O/T/Q/P=GWP29Seq"RepeatComp.awav"
RemovePathGWP29Seq
Make/N=(numpnts(Second))/OFMASRw
iterate(numpnts(First))

EappRepeat(GageType,Substrate,First[i],Second[i],0)
FMASRw[i]=FMASR

loop
KillWavesFirst,Second
if (GageType==1)

GT="B"
else

if (GageType==2)
GT="K"

else
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End

GT="P"
endif

endif

if (Substrate== 1)
SM='T'

else

SM="T"

endif

String repeat=GT+SM+"r"

NewPath/O savepath, "Keith-80HD:Files:GWP29:Eapp FoM:"

Save/T/O/P=savepath FM AS Rw as repeat

RemovePath savepath

Beep;Beep

EappRepeat determined the appropriate file names and paths

for loading the apparent strain and temperature data for making

the repeatability comparisons and then performed the calcula-

tions and stored them in a special variable. EappRepeat can be

run independently of ReportCompares and optionally can re-

port certain statistics regarding the equality of the temperature

data for the two input apparent strain waves to determine the

quality of the comparison.

Macro EappRepeat(GageType,Substrate,Halfl,Half2,Messages)

• Variable GageType,Substrate,Halfl = 1.0,Half2= 1.1 ,Messages= 1

Prompt GageType,"Enter gage type: 1) DETCBCL, 2) CKA1, 3) PdCr"

Prompt Substrate,"Enter material type: 1) IN100, 2) B21S TMC"

Prompt Halfl,"Enter first half-cycle designation" Ishould be entered in format "x.y" where x is

Prompt Half2,"Enter second half-cycle designation" 1cycle number and y is 0 for HU and 1 for CD

Prompt Messages,"Print Messages? 0-N, 1-Y"

PauseUpdate;Silent 1

String hh="HU",ch="CD",HCcode 1,HCcode2,GT,SM,HCN 1,HCN2

Variable npnts,ngages= 12,GN

if (GageType== 1)

GT="B"

else

if (GageType==2)
GT="K"

else

GT="P"

endif

endif

if (Substrate== 1)

SM='T'

else

SM='T'

endif

if (Halfl<10)

HCN 1=num2istr(0)+num2istr(trunc(Halfl))+"_A"

else

HCN 1=num2istr(tmnc(Halfl ))+" A"

endif

if (round((Halfl-trunc(Halfl))* 10)=---0)

HCN 1+="H";HCcode 1=hh

else

HCN 1+="C";HCcode ! =ch

endif
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if (Half2<10)
HCN2=num2istr(0)+num2istr(trunc(Half2))+"_A"

else
HCN2=num2istr(trunc(Half2))+"_A"

endif
if (round((Half2-trunc(Half2))*10)==0)

HCN2+="H";HCcode2=hh
else

HCN2+="C";HCcode2=ch
endif
Stringgage1=GT+SM+HCN1+"i",gage2=GT+SM+HCN2+"i",FolderName1=GT+SM,FoiderName2=GT+SM
Stringtemp1=gage1[0,4]+'T'+gage1[6,7],temp2=gage2[0,4]+"T'+gage2[6,7]
if (mod(trunc(Halfl),2)==1)

if (Halfl<10)
FolderName1+=num2istr(0)+num2istr(trunc(Halfl))

else
FolderName1+=num2istr(trunc(Halfl))

endif
if (Halfl+l<10)

FolderNamel+=num2istr(0)+num2istr(trunc(Halfl)+l)
else

FolderName1+=num2istr(trunc(Halfl)+1)
endif

else
if (Halfl-1<10)

FolderName1+=num2istr(0)+num2istr(trunc(Halfl)-1)
else

FolderName1+=num2istr(trunc(Halfl)-1)
endif
if (Halfl<10)

FolderNamei+=num2istr(0)+num2istr(trunc(Halfl))
else

FoiderName1+=num2istr(trunc(Halfl))
endif

endif
if (mod(trunc(Half2),2)==1)

if (Half2<10)
FolderName2+=num2istr(0)+num2istr(trunc(Half2))

else
FolderName2+=num2istr(trunc(Half2))

endif
if (Half2+l<10)

FolderName2+=num2isa'(0)+num2istr(trunc(Half2)+1)
else

FolderName2+=num2istr(trunc(Half2)+1)
endif

else
if (Half2-1<10)

FolderName2+=num2istr(0)+num2istr(U'unc(Half2)-1)
else

FolderName2+=num2istr(trunc(Half2)-1)
endif
if (Half2<10)

FolderName2+=num2istr(0)+num2istr(trunc(Haif2))
else

FolderName2+=num2istr(trunc(Half2))
endif

endif
FolderName1+="Folder";FolderName2+="Folder"
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End

String Ipath="Keith-80HD:Files:GWP29:Final Report:Apparent Strain graphs:"

NewPath/O load I Ipath+FolderNamel
LoadWave/O/Q/P=load I gage l+".bwav"
LoadWave/O/Q/P=load 1 temp 1+".bwav"
RemovePath load 1

NewPath/O load2 lpath+FolderNarne2
LoadWave/O/Q/P=load2 gage2+".bwav"
LoadWavedO/Q/P=load2 temp2+".bwav"
RemovePath load2

String repeat=GT+SM+"_C"+HCN 1[0,1 ]+HCcode 1+"C"+HCN2[0,1 ]+HCcode2
Make/N=256/O $repeat,tempstats,tempavg
$repeat=abs($gagel-$gage2)
tempstats=$templ-$temp2
if (Messages== 1)

print ....
print "Repeatability Comparison Temperature Statistics for"+repeat+" :"
WaveStats tempstats

endif

iterate (256)
tempavg[il=($templ [i]+$temp2[i])/2

loop
WaveStats/Q tempavg
Variable/G FM AS R=AreaXY(tempavg,$repeat,V_min+l,V_max-1)

if (Messages== 1)
print "Area between "+gage 1+" and "+gage2+" = "+num2str(FM_AS_R)

endif
KillWaves tempstats,$gage 1,$gage2,$temp 1,$temp2

4.3 Drift Strain

4.3.1 Data Reduction Procedures

Data taken at all three centers were reduced and formalized

before being sent to the designated reporting center. The

reduced data were loaded into the analysis software package

IGOR and then represented as "waves," or columns of data, and

arranged for processing. Data processing included selecting the

group of consecutive points within the test parameters, extract-

ing specific test points, performing calculations, curve fitting,

and presenting. The original data were taken every minute for

the entire test from the beginning of heatup to the cooldown to

room temperature.

The first routines, InCN, Gage Type, and Specimen Code, set

up the preliminary information of cycle number, type of gage

tested, and specimen identification code, respectively.

The data were restructured using StrainvsTemp, which ex-

tracted the specific data points record at 15-min intervals at the

required test temperature for the minimum of 4 hr at temperature.

The routine S_$9_ selected the points where all six thermo-

couples were within +5 F deg (+3 C deg) of the test temperature
and created the final data waves for the 4-hr drift test.

The routine ComAvgCl called the routine AVGALL, which

calculated the average of the 12 gages and then calculated the

upper and lower confidence limits at each point for the 12

gages. The average, upper-confidence-limit, and lower-
confidence-limit waves were then fitted by using the spline

curve-fit functions. The spline curve-fit functions were written

in the IGOR procedure file as "functions" and were labeled

.Spline and ._]j.m. The fitted waves were then plotted with the

individual data points versus the test time, beginning with time

0 and ending with time 240 (240 min).
The routine MeansConf calculated the average and the upper

and lower confidence limits for the four gages tested at Lan-

gley. The routine Fit produced the spline curve-fit waves for the

waves created by the routine MeansConf.
The routine Calculations calculated the values used to deter-

mine figures of merit and could be used for either 4 or 12 gages

because the routine used the fitted waves for the average and the

upper and lower confidence limits in calculating scatter, slope,

repeatability, and magnitude. The routine called IntegrateAbs
returned the area of the absolute value of a function with respect

to the Y axis by using trapezoidal integration and also called

AreaXY, which is an internal IGOR routine.
The routine DriftwCorrectGF called another routine,

GFCorrection, which adjusted the swain by converting the

measured strain of gage factor 2.0 to the correct strain for the

gage factor for the respective temperature. The routine then
calculated the average and the upper and lower confidence

limits and repeated the process for a second cycle, if applicable.

The plots for final printing were called and placed onto a page
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layout. Accessory routines used in data analysis were Zeroshift.,

Unzero, and CalcFinai, which zeroed the data, restored original

values to data, and called the necessary routines to process data

for 12 gages, respectively. Other routines were set up for

graphs, tables, and layouts for final plots and presentation.

4.3.2 Data Reduction Routines

Macro InCN(CN) Ilnput cycle number

Variable CN

string/G Cn,Tp

Prompt CN,"Enter cycle number: "

Silent 1

if ((CN>7) + (CN< 1))

Abort "Invalid cycle number -- Test Plan 9/17/93 has 7 cycles for Drift strain"

endif

CycleNumber=CN;Cn=num2str(CycleNumber);Tp=num2str((CycleNumber* 150)+450)
EndMacro

Macro _(GTyp) Ilnput type of gages

string/G Gages

variable GTyp

Prompt GTyp, "Enter Gage Type: I=DETC BCL-3; 2=LaRC-CKA1B; 3=PdCr",popup,"l;2;Y'

If (GTyp== 1)

Gages="DETC BCL-3"
endif

If (GTyp==2)

Gages="LaRC-CKA 1B"
endif

If (GTyp==3)

Gages="PdCr"
endif

EndMacro

Macro SpecimenCode(SpNm) Ilnput ID code of specimen or type of material

string SpNm

Prompt SpNm, "Enter Specimen Code:"

SpecNum=SpNm

EndMacro

Proc StrainvsTemp0 ISelect data for final points

Silent 1 I Don't display macro commands

Variable Last i Last is the last point in the full data set

Variable L, i,Tlast,Lgh

WaveStats/Q ATCB ;Make/n=8/O TI'emp;Tlast=(numpnts(ATCB )/15 )+ 1;Last=numpnts(ATCB)

Make/O Time2, TA, TB, TC, TD, TE, TF, Strainl, Strain2, Strain3, Strain4

MAKE/O DTIME2,DTA,DTB,DTC,DTD,DTE,DTF,Strain5, Strain6, Strain7, Strain8

T'Femp(1)=600;Tl'emp(2)=750;Tremp(3)=900;TTemp(4)= 1050

(StrainvsTemp continued)

TTemp(5)= 1200;TI'emp(6)= 1350;TI'emp(7)= 1500

L=0;i=0

Do

Time2[Ll=ATime I [i]

TA[L]=ATCA[i]

TB[L]=ATCB[i]

TC[L}=ATCC[i]

TD[L]=ATCD[i]

TE[L]=ATCE[i]

TF[LI=ATCF[i]

Strain 1[L]=ASG I[i]
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Strain2[L]=ASG2[il
Strain3[Ll=ASG3[il
Strain4[L]=ASG4[il
L=L+l;i=i+15
While(i<=Last)
Redimension/N=(Tlast)Time2TATBTCTDTETFStrainI Strain2Strain3Strain4
nar=-numpnts(TB)
L=0;i=0
Do
DTime2[L]=DTimeI[i]
DTAIL]=DTCAIil
DTB[L]=DTCB[i]
DTC[LI=DTCCIi]
DTD[L]=DTCD[i]
DTEIL]=DTCE[i]
DTF[L]=DTCF[il
Strain5[L]=DSG1lil
Strain6[L]=DSG2[i]
Strain7[L]=DSG3[i]
Strain8[Ll=DSG4[il
L=L+I;i=i+15
While(i<=Last)
Redimension/N=(Tlast)DTime2DTADTBDTCDTDDTEDTF
Redimension/N=(Tlast)Strain5Strain6Strain7Strain8
EndMacro

ProcS_12!J!0 ICreatefinaldatawaves(**4Gages**)
Silent1
VariableJ,K,Tmp
Make/N=(nar)/OTempD,TDE,'l"FimD,Strain1D,Strain2D,Strain3D,Strain4D,AvgStrainD
Make/N=(nar)/ODTempD,DTDE,Dq"l_imD,Strain5D,Strain6D,Strain7D,Strain8D
J--0;K=0;NumPts=0;Tmp=q_l_emp(CycleNumber)
Do
K=K+1
While(TB(K)<(Tmp-5))
Do
(_,__J!continued)
TempD(J)=TB(K);TDE(J)=TE(K);'I_imD(J)=Time2(K);Strain2D(J)=Strain2(K)
Strain3D(J)=Strain3(K);Strain4D(J)=Strain4(K)
AvgStrainD(J)=(Strainl(K)+Strain2(K)+Strain3(K)+Strain4(K))/4
J=J+1;K=K+1;NumPts=NumPts+1
While(TB(K)>=(Tmp-5))
Redimension/N=(NumPts)TempD,TDE,'ITimD,Strain1D,Strain2D,Strain3D,Strain4D,AvgStrainD
J=0;K=0;NumPts=0;Tmp=TTemp(CycleNumber)
Do
K=K+I
While(DTB(K)<(Tmp-5))
Do
DTempD(J)=DTB(K);DTDE(J)=DTE(K);D'I_imD(J)=DTime2(K)Strain5D(J)=Strain5(K)
Strain6D(J)=Strain6(K);Sta'ainTD(J)=Strain7(K);Strain8D(J)=Strain8(K)
AvgStralnD(J)=(AvgStrainD(J)+(Strain5(K)+Strain6(K)+Strain7(K)+Strain8(K))/4)/2
J=J+l;K=K+1;NumPts=NumPts+1
While(DTB(K)>=(Tmp-5))
Redimension/N=(NumPts)DTempD,DTDE,DTTimD,
Strain5D,Strain6D,Strain7D,Strain8D
KillWaves/FTime2,TA,TB,TC,TD,TE,TF,Strainl
KillWaves/FStrain2,Strain3,Strain4,Strain6,Strain7,Strain8
KillWaves/FDTIME2,DTA,DTB,DTC,DTD,DTE,DTF,Strain5
EndMacro
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MacroAVGALL0 IAveragedatafrom12gages
Silent1
VariableJ
J=0;AvgStrainD[0,16]=0
iterate(17)
AvgStrainD(J)=Strain1D(J)+Strain2D(J)+Strain3D(J)+Strain4D(J)
AvgStrainD(J)=AvgStrainD(J)+Strain5D(J)+Sla'ain6D(J)+Strain7D(J)+Strain8D(J)
AvgStrainD(J)=(AvgStrainD(J)+ESG1(J)+ESG2(J)+ESG3(J)+ESG4(J))/12;J=J+1
loop
EndMacro

ProcMeansConf0 ICreate Confidence limits
Silent 1

Variable CI

print "GAGES TESTED AT LaRC ONLY!! (** 4 GAGES **)'

Make/N=(NumPts)/O ConfidenceD, UConfidenceD, LConfidenceD

Cl=2.353/2/sqrt(3) I C 1=t/sqr(n)/sqrt(n- 1)

iterate (NumPts)

AvgStrainD(i)=(Strain 1D(i)+Strain2D(i)+Strain3D(i)+Strain4D(i))/4

ConfidenceD(i)=(Strain 1D(i)-AvgStrainD(i))*(Strain 1D(i)-AvgStrainD(i))

C_nfidenceD(i)=C_nfidenceD(i)+(Strain2D(i)-AvgStrainD(i))*(Strain2D(i)-AvgStrainD(i))

C_nfidenceD(i)=C_nfidenceD(i)+(Strain3D(i)-AvgStrainD(i))*(Strain3D(i)-AvgStrainD(i))

(MeansConf continued)

C_n_denceD(i)=C_n_denceD(i)+(Strain4D(i)-AvgStrainD(i))*(Strain4D(i)-AvgStrainD(i))

ConfidenceD(i)=sqrt(ConfidenceD(i))*C 1

UConfidenceD(i)=AvgStrainD(i)+ConfidenceD(i)

LConfidenceD(i)=AvgStrainD(i)-ConfidenceD(i)

loop

EndMacro

Proc Fit() ICreate curve fits for average and C.iimits

Variable Dummy

Silent 1

Make/N=(NumPts)/O U, AvgStrainDY2,UConfidenceDY2, LConfidenceDY2

Make/N=256/O AvgStrainDFit, UConfidenceDFit, LConfidenceDFit

SetScale/I x (q_FimD(0)), (T'fimD(NumPts)), '"' AvgStrainDFit, UConfidenceDFit, LConfidenceDFit

Dummy=Spline('l_imD, AvgStrainD, AvgStrainDY2, NumPts)

Dummy=Spline(qq'imD, UConfidenceD, UConfidenceDY2, NumPts)

Dummy=Spline(qTimD, LConfidenceD, LConfidenceDY2, NumPts)

AvgStrainDFit=Spllnt(TrimD, AvgStrainD, AvgStrainDY2, NumPts, x)

UConfidenceDFit=Spllnt(TTimD, UConfidenceD, UConfidenceDY2, NumPts, x)

LConfidenceDFit=Spllnt(TfimD, LConfidenceD, LConfidenceDY2, NumPts, x)

KillWaves/F AvgStrainDY2,UConfidenceDY2, LConfidenceDY2
EndMacro

Macro CalcFinal0

DoAlert 1,"Calculates Final Data for all 12 Gages. Continue?"

StrainvsTemp0;Split0;ComAvgCl0;Fit0

EndMacro0

Macro PlotFinal0

Silent 1

CloseWindows0;GraphD0;Graph2D0;LayoutP0
EndMacro

Macro (_alculations0

Variable RepeatX

Variable i, lim,j

ICalculates Figure of Merit Numbers
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Silent1
VariableMagnitude,Scatter,Slope,Repeatability
StringMag,Sca,SIo,Rep
Make/N=17/0DerD
Make/N=256/ODerivativeD,Repeatability1
Make/N=256/OAvgStrainDFitX
WaveStats/QAvgStrainDFit
j=l
do
AvgStrainD[j-1]=AvgStrainD[NumPts-(i8-j)]
j=j+l
_Calculationscontinued)
while(j<18)
DerD=AvgStrainD;DifferentiateDerD;Magnitude=IntegrateAbs(DerD)
Scatter=AreaXY(ETIME1,UConfidenceD,0,240)
Scatter=Scatter-AreaXY(ETIME1,LConfidenceD,0,240)
DerivativeD=AvgStrainDFit
DifferentiateDerivativeD
Slope=IntegrateAbs(DerivativeD)/240
i=0
1im=255
do
if(i>lim)
break
endif
AvgStrainDFitX[i]=pnt2x(AvgStrainDFit,i)
i=i+1
while(1)
i=0
lim=255
do
if (i>lim)
break
endif
RepeatX=pnt2x(Repeatabilityi ,i)
Repeatability![i]=interp(RepeatX,AvgStrainDFitX,AvgStrainDFit)
i=i+l
while(i )
Repeatability=IntegrateAbs(RepeatabilityI)
Mag=num2istr(Magnitude);Sca=num2istr(Scatter);SIo=num2istr(Slope)
Rep=num2istr(Repeatability)
DoWindow/FLayout02
Modifyheight(Graph02)=366;PrintMag,Sca,Slo,Rep
TextBox/N=Calc/T={12,24,36,48}/F=2/S=1/a=MC/x=1/y=-42
AppendText"Magnitude\t"+"Scatter\t"+"Slope\t"+"Repeatability"
AppendTextMag+"\t\t\t"+Sca+"_t\t\t"+Slo+"\t\t\t"+Rep
AppendText"DriftRate(Avg)="+num2istr(Magnitudel4)+"gW'Symbol'eWlOIhr"
Save/TTDA,TempD,TDC,TDD,TDE,TDF,Strain1D,Strain2D,Strain3D,Strain4D,Tl'imDKillWaves/F
DerD,DerivativeD,AvgStrainDFitX,Repeatability1
EndMacro

MacroCloseWindows0

DoWindow/K Table0;DoWindow/K TableA;DoWindow/K TableD

DoWindow/K Tables;DoWindow/K TableE;DoWindow/K Tableall

DoWindow/K TableC2DoWindow/K GraphD;DoWindow/K Graph2D

DoWindow/K LayoutP;DoWindow/K LayoutL

EndMacro
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MacroZeroshift0 ICorrectsforZeroShift
VARIABLE/GZDSV1,ZDSV2,ZDSV3,ZDSV4,ZESV1,ZESV2,ZESV3,ZESV4
VARIABLE/GZSFLAG,ZSV1,ZSV2,ZSV3,ZSV4
Silent1
IF(ZSFLAG==I)
Beep
PrintZDSV1,ZDSV2,ZDSV3,ZDSV4,ZESVI,ZESV2,ZESV3,ZESV4,ZSV1,ZSV2,ZSV3,ZSV4
Abort"Dataalreadyzeroed!!"
endif
ZSV1=Strain1D[01;ZSV2=Strain2D[0];ZSV3=Strain3D[0];ZSV4=Strain4D[0]
Strain1D=StrainID-ZSV1;Strain2D=Strain2D-ZSV2;Slrain3D=Strain3D-ZSV3
Strain4D=Strain4D-ZSV4
ZDSV1=Strain5D[0];ZDSV2=Strain6D[0];ZDSV3=Strain7D[0l;ZDSV4=Strain8D[0]
Strain5D=Strain5D-ZDSV1;Strain6D=Strain6D-ZDSV2;Strain7D=Strain7D-ZDSV3
Strain8D=Strain8D-ZDSV4
ZESV1=ESG1[0];ZESV2=ESG2[0];ZESV3=ESG3[0];ZESV4=ESG4[0]
ESGl=ESG1-ZESVI;ESG2=ESG2-ZESV2
ESG3=ESG3-ZESV3;ESG4=ESG4-ZESV4
ZSFLAG=1
EndMacro

Macro Unzero0

Strain 1D=Strain 1D+ZSV 1 ;Strain2D=Strain2D+ZSV2

Strain3D=Strain3D+ZSV3;Strain4D=Strain4D+ZSV4

Strain5D=Strain5D+ZDSV 1;Strain6D=Strain6D+ZDSV2

Strain7D=Strain7D+ZDSV3;Strain8D=Strain8D+ZDSV4

ESG 1D=ESG 1D+ZESV 1;ESG2D=ESG2D+ZESV2

ESG3D=ESG3D+ZESV3;ESG4D=ESG4D+ZESV4

ZSFLAG=0

Print "Waves zeroshift replaced."

EndMacro

Macro ComAvgC10 I
Silent 1

Variable C1

Make/N=(17)/0 CConfidenceD, CUConfidenceD, CLConfidenceD

Make/N=(17)/O U,AvgStrainDY2,CUConfidenceDY2, CLConfidenceDY2

Make/N=(17)/O AvgStrainDFit,CUConfidenceDFit, CLConfidenceDFit

Print "<< Average and Confidence Limits for 12 Gages >>"

AvgStrainD[0,16]=0

C 1= 1.80/sqrt( 12)/sqrt( 11 ) IC 1=t/sqr(n)/sqrt(n- 1)

AVGALL0

iterate (17)

CConfidenceD(i)=(Strain 1D(i)-AvgStrainD(i))*(Strain 1D(i)-AvgStrainD(i))

CC_n_denceD(i)=CC_n_denceD(i)+(Strain2D(i)-AvgStrainD(i))*(Strain2D(i)-AvgStrainD(i))

CC_nfidenceD(i)=CC_n_denceD(i)+(Strain3D(i)-AvgStrainD(i))*(Strain3D(i)-AvgStrainD(i))

(ComAvgCl continued)

CC_nfidenceD(i)=CC_n_denceD(i)+(Strain4D(i)-AvgStrainD(i))*(Strain4D(i)-AvgStrainD(i))

CC_nfidenceD(i)=CC_nfidenceD(i)+(Strain5D(i)-AvgStrainD(i))*(Strain5D(i)-AvgStrainD(i))

CC_n_denceD(i)=CC_n_denceD(i)+(Strain6D(i)-AvgStrainD(i))*(Strain6D(i)-AvgStrainD(i))

CC_n_denceD(i)=CC_n_denceD(i)+(Strain7D(i)-AvgStrainD(i))*(Strain7D(i)-AvgStrainD(i))

CC_n_denceD(i)=CC_n_denceD(i)+(Strain8D(i)-AvgStrainD(i))*(Strain8D(i)-AvgStrainD(i))

CConfidenceD(i)=CConfidenceD(i)+(ESG 1(i)-AvgStrainD(i))*(ESG 1(i)-AvgStrainD(i))

CConfidenceD(i)=CConfidenceD(i)+(ESG2(i)-AvgStrainD(i))*(ESG2(i)-AvgStrainD(i))

CConfidenceD(i)=CConfidenceD(i)+(ESG3(i)-AvgStrainD(i))*(ESG3(i)-AvgStrainD(i))

CConfidenceD(i)=CConfidenceD(i)+(ESG4(i)-AvgStrainD(i))*(ESG4(i)-AvgStrainD(i))

CConfidenceD(i)=sqrt(CConfidenceD(i))*C 1

CUConfidenceD(i)=AvgStrainD(i)+CConfidenceD(i)
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CLConfidenceD(i)=AvgStrainD(i)-CConfidenceD(i)
loop
VARIABLEDUMMY;Dummy=Spline(TI'imD,AvgStrainD,AvgStrainDY2,NumPts)
Dummy=Spline(TTimD,CUConfidenceD,CUConfidenceDY2,NumPts)
Dummy=Spline(TrimD,CLConfidenceD,CLConfidenceDY2,NumPts)
AvgStrainDFit=Spllnt(TTimD,AvgStrainD,AvgStrainDY2,NumPts,x)
CUConfidenceDFit=Spllnt(Tl'imD,CUConfidenceD,CUConfidenceDY2,NumPts,x)
CLConfidenceDFit=Spllnt(TrimD, CLConfidenceD, CLConfidenceDY2, NumPts, x)

KillWaves/F AvgStrainDY2,CUConfidenceDY2, CLConfidenceDY2

EndMacro

Function I_._L_(X,Y,Y2,N) ISpline curve fit

Wave X, Y, Y2

Variable N, i, lim, SIG, P

Y2[01=0

U[0|=0; Y2[N- 11----'0;i=l; lim=N-2 ILower & Upper b.c. set to natural

do

if (i>lim)

break

endif

SlG=(X[il-XIi- 1])/(X[i+ 11-Xli- 1]); P=SIG*Y2Ii- 1]+2; Y2[i]=(SIG- 1)/P

Ulil=(6*((Y[i+l ]-Y[il)/(X[i+ 1]-X[il)-(Y[i]-Yli- 1])/(X[i]-X[i- 1]))/(X[i+ 1]-X[i- 1])-SIG*U[i- 1])/P

i+= 1

while ( 1)

i=N-2; lim=l

do

if (i<lim)

break

endif

Y2lil=Y2li]*Y2[i+l l+U[i]; i-=l

while (1)

End

Function _Sp_U__LXA,Y A,Y 2 A, N ,X )

Wave XA, YA, Y2A

Variable N, X

Variable KLO, KHI, K, H, A, B,Y

KLO= 1

KHI=N

do

if ((KHI-KLO-0.5)>I)

K=((KHI+KLO)/2)-0.5

if (XA[round(K- 1)]>X)

KHl=round(K)

else

KLO=round(K)

endif

else

break

endif

while ( 1)

H=XA[round(KHI-l)l-XA[round(KLO- 1)]

A=(XA[round(KHl- 1)I-X)/H

B=(X-XA[round(KLO- 1)])/H

Y=A*YA[round(KLO- 1)]+B*YA[round(KHI- 1)]

Y=Y+((A^3-A)*Y2A[round(KLO- 1)]+(B^3-B)*Y2A[round(KH1-1)])*(H^2)/6

return (Y)

End
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FunctionInte_ateAbs(Y)
Wave Y

Variable i, lim

i=0

lim=numpnts(Y)- 1

do

if (i>lim)

break

endif

Y[i]=abs(Y[i])

i+= 1

while (1)

return (area(Y,leftx(Y),pnt2x(Y,numpnts(Y)- 1)))

End

Window TITLE0:Graph

Textbox/N=TextBox_0/F=0/A=MC/X=-1.7857 I/Y--41.4545

AppendText '%"01W'Helvetica'£Z18 LaRC GWP#29 TEST"

AppendText "GWP 29 COUPON #"+SpecNum+" CYCLE "+Cn

EndMacro

Window Gra_Q___p_h_hD0: Graph

PauseUpdate; Silent 1 I building window...

Display/W=(17,41,421,298) AG1C1,AG2C1,AG3C1,AG4C1 vs ETIMEI

Append DG1C1,DG2C1,DG3CI,DG4C1 vs ETIME1

Append EG 1C 1,EG2C 1,EG3C 1,EG4C 1 vs ETIME 1

Append UCLGFCD,LCLGFCD,AVSCGFD vs ETIME 1

Modify mode(AG 1C I )=3,mode(AG2C 1)=3,mode(AG3C 1)=3,mode(AG4C 1)=3

Modify mode( DG 1C 1)=3 ,mode(DG2C 1)=3 ,mode(DG3C 1)=3,mode(DG4C 1)=3

Modify mode(EG 1C1 )=3,mode(EG2C 1)=3,mode(EG3C 1)=3,mode(EG4C I )=3

Modify marker(AG 1C 1)=8,marker(AG2C 1)=8,marker(AG3C 1)=8

Modify marker(AG4C 1)=8,marker(DG 1C 1)=5,marker(DG2C 1)=5

Modify marker(DG3C 1)=5,marker(DG4C 1)=5,marker(EG 1C 1)=6

Modify marker(EG2C 1)=6,marker(EG3C 1)=6,marker(EG4C 1)=6

Modify 1Style(AG3C 1)=2,1Style(AG4C 1)=3

Modify 1Style(UCLGFCD)=3,1Style(LCLGFCD)=2

Modify rgb(UCLGFCD)=(26300,0,0),rgb(LCLGFCD)=(2608,8563,65535)

Modify grid=l; Modify mirror=l; Modify nticks(left)=7; Modify fSize=10

Modify lblMargin(bottom)=50

Modify axOffset(left)= 1.875,axOffset(bottom)=4

Modify manTick(bottom)= {0,30,0,0 },manMinor(bottom)={ 0,0 }

Label bottom '%Z10Time (min)"

SetAxis left -2000,2000; SetAxis bottom 0,245

Legend/J/A=MB/X=-29.9652/Y=60 '%Z08\s(AG 1C 1) Tested @ LaRCkrks(EG 1C 1) Tested@ LeRC"

AppendText "\s(DG 1C 1) Tested @DFRCkr\s(AVSCGFD) AverageStrain"

AppendText "\s(UCLGFCD) UpperConfidenceLimith'ks(LCLGFCD) LowerConfidenceLimit"
EndMacro

Window _0 : Graph

PauseUpdate; Silent 1 I building window...

Display/W=(134,96,538,353) C2AG1C1,C2AG2C1,C2AG3C1 vs C2ETIME1

Append C2AG4C1 vs C2ETIMEI

Append C2DG 1C 1,C2DG2C 1,C2DG3C 1,C2DG4C 1 vs C2ETIME 1

Append C2EG1C1,C2EG2C1,C2EG3C1,C2EG4C1 vs C2ETIME1

Append C2AVSCGFD,C2UCLGFCD,C2LCLGFCD vs C2ETIME1

Modify mode(C2AG 1C 1)=3,mode(C2AG2C 1)=3

Modify mode(C2AG3C 1)=3,mode(C2AG4C 1)=3

Modify mode(C2DG 1C 1)=3,mode(C2DG2C 1)=3

Modify mode(C2DG3C 1)=3,mode(C2DG4C 1)=3

Modify mode(C2EG 1C 1)=3,mode(C2EG2C 1)=3
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Modifymode(C2EG3C1)=3,mode(C2EG4C1)=3
Modifymarker(C2AG1C1)=8,marker(C2AG2C1)=8,marker(C2AG3C1)=8
Modifymarker(C2AG4C1)=8,marker(C2DG1C1)=5,marker(C2DG2C1)=5
Modifymarker(C2DG3Ci)=5,marker(C2DG4C1)=5,marker(C2EG1C1)=6
Modifymarker(C2EG2C1)=6,marker(C2EG3Cl)=6,marker(C2EG4C1)=6
ModifyIStyle(C2UCLGFCD)=3,1Style(C2LCLGFCD)=2
Modifyrgb(C2UCLGFCD)=(26300,0,0),rgb(C2LCLGFCD)=(2608,8563,65535)
Modifygrid=1;Modifymirror=-1;Modifynticks(left)=7;ModifyfSize=10
(..QL_h2Dcontinued)
ModifylblMargin(bottom)=48
ModifyaxOffset(left)=1.875,axOffset(bottom)=4
ModifymanTick(bottom)={0,30,0,0},manMinor(bottom)={0,0}
Labelbottom"XZ10Time(min)"
SetAxisleft-2000,2000;SetAxisbottom0,245
Legend/J/A=MB/X=-29.6167/Y=60.6452"XZ08\s(C2AG1C1)Tested@LaRCkr\s(C2EG1C1)Tested@LeRC"
AppendText"\s(C2DG1C1)Tested@DFRCkr\s(C2UCLGFCD)UpperConfidenceLimit"
AppendText"\s(C2LCLGFCD)LowerConfidenceLimitkrks(C2AVSCGFD)AverageStrain"
EndMacro

WindowI._0 :Layout
PauseUpdate;Silent1 Ibuildingwindow...
Layout/W=(59,40,474,422)GraphD(73,56,515,376)/O=l/F=0,Graph2D(73,396,517,704)/O=1/F=0
Textbox/N=YTitle/F=0/A=MC/X=-40.3636/Y=29.9451"XZ08StrainkrDuetoDriftkr(lain/in)"
Textbox/N=TextBox_3/A=MC/X=2.18182/Y=6.86813
AppendText"Figure5.2."+Cn+"12"+Gages+"GagesonIN100-Cycle"+Cn
AppendText"("+Tp+"W'Symbol'ooW]0F)"
Textbox/N=YTitle_l/F=0/A=MC/X=-40.3636/Y=-15.6593"XZ08StrainXrDuetoDrift\r0,tin/in)"
Textbox/N=TextBox_1/A=MC/X=1.81818/Y=-39.2857
AppendText"Figure5.2."+(Cn+1)+"12"+Gages+"GagesonIN100-Cycle"+Cn
AppendText"("+Tp+"kF'Symbol'ooW]0F)"
EndMacro

Window_) :Table
PauseUpdate;Silent1 Ibuildingwindow...
Edit/W=(5,42,197,167)IKDC1FoM.yIMaterial,Gagetype,D,&Cycle#FoM
Modifywidth(Point)=64
EndMacro

WindowTableAO:Table
PauseUpdate;Silent1 Ibuildingwindow...
Edit/W=(5,42,515,251)ATime1.y,Strain1D.y,Strain2D.y,Strain3D.y,Strain4D.y,ATCB.y
Modifywidth=50;Modifyformat=1
EndMacro

WindowTableD():Table
PauseUpdate;Silent1 Ibuildingwindow...
Edit/W=(13,114,597,281)DTimD.y,DSG1.y,DSG2.y,DSG3.y,DSG4.y
AppendDTCB.y;MOdifywidth=48;Modifyformat=!
EndMacro

WindowTableE0 : Table

PauseUpdate; Silent 1 I building window...

Edit/W=(5,42,515,251) ETime 1.y,ESG 1.y,ESG2.y,ESG3.y,ESG4.y,ETCB.y

Modify width(Point)=50;Modify format=l

EndMacro

Window Tableall0 : Table

PauseUpdate; Silent 1 I building window...

Edit/W=(5,44,642,351 ) ESG 1.y,ESG2.y,ESG3.y,ESG4. y,ETime 1 .y,Strain 1D.y
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AppendStrain2D.y,Strain3D.y,Strain4D.y,AvgStrainD.y,Strain5D.y
AppendStrain6D.y,Strain7D.y,Strain8D.y
Modifywidth=41;Modifyformat=l
EndMacro

ProcGFCorrection0 IProcedureforcorrectingGageFactor
variable/GGFC,A0,Al,A2,A3,CF
make/O/N=17AG1C1,AG2C1,AG3Cl ,AG4Cl ,DGlC1,DG2C1,DG3C1,DG4Cl
make/O/N=17EG1C1,EG2C1,EG3Cl ,EG4C1,C2AG1C1,C2AG2C1
make/O/N=17C2AG3C1,C2AG4C1,C2DG 1C 1,C2DG2C 1,C2DG3C 1

make/O/N= 17 C2DG4C 1,C2EG 1C 1,C2EG2C 1,C2EG3C 1,C2EG4C l

PRINT "GAGE FACTOR CORRECTION MADE."

A0=2.0001 ;A 1=.0003666;A2=- 1.8390e-07;A3=-3.329e- 10 ICycle X GF Correction

GFC=A0+(A 1*600)+(A2*(600^2))+(A3*(600^3));print GFC;CF=2.0/GFC

AG 1C 1=STRAIN 1D* CF;AG2C 1=STRAIN2D*CF;AG 3C I =STRAIN3D *CF

AG4C 1=STRAIN4D*CF;DG 1C 1=STRAIN5 D*CF;DG2C 1=STRAI N6D*CF

DG3C 1=STRAIN7D*CF;DG4C 1=STRAIN8D*CF;EG 1C 1=ESG 1*CF

EG2C 1=ESG2 *CF;EG3C 1=ESG3*CF;EG4C 1=ESG4*CF

A0=2.0001 ;A 1=.0003666;A2=- 1.8390e-07;A3=-3.329e- 10 ICycle X GF Correction

GFC=A0+(A l*750)+(A2*(750^2))+(A3*(750^3));print GFC
CF=2.00/GFC

C2ESG 1=C2ESG 1*CF;C2ESG2=C2ESG2*CF;C2ES G3=C2ESG3*CF

C2ESG4=C2ESG4*CF;C2AG 1C 1=C2STRAIN 1D*CF

C2AG2C 1=C2STRAIN2D*CF;C2AG3C 1=C2STRAIN3D*CF

C2AG4C 1=C2STRA1N4D*CF;C2DG 1C 1=C2STRAIN5 D*CF

C2DG2C 1=C2STRAIN6D*CF;C2DG3C 1=C2STRAIN7D*CF

C2DG4C 1=C2STRAIN8D*CF

EndMacro

Macro DriftwCorrectGF0 ICorrects drift data with proper gage factor

GFCorrectionO

Variable C1

Silent 1

Make/N=(17)/0 CLGFCD, UCLGFCD, LCLGFCD,AVSCGFD

Make/N=(17)/O U,AVSCGFDY2,UCLGFCDY2, LCLGFCDY2

Make/N=(256)/O AVSCGFDFit,UCLGFCDFit, LCLGFCDFit

Print "<< Average and Confidence Limits for 12 Gages >>"

AVSCGFD[0,16]--0

C 1= 1.80/sqrt( 12)/sqrt( 11 ) I C 1=t/sqr(n)/sqrt(n- 1)

iterate (17)

( DriftwCorrectGF continued)

AVSCGFD(i)=DG 1C 1(i)+DG2C 1(i)+DG3C 1(i)+DG4C 1(i)

AVSCGFD(i)=AVSCGFD(i)+AG 1C 1(i)+AG2C 1(i)+AG3C I (i)+AG4C 1(i)

AVSCGFD(i)=(AVSCGFD(i)+EG 1C 1(i)+EG2C 1(i)+EG3 C 1(i)+EG4C 1(i))/12

CLGFCD(i)=(AG 1C 1(i)-AVSCGFD(i))*(AG 1C 1(i)-AVSCGFD(i))

CLGFCD(i)=CLGFCD(i)+(AG2C 1(i)-AVSCGFD(i))*(AG2C I(i)-AVSCGFD(i))

CLGFCD(i)=CLGFCD(i)+(AG3C 1(i)-AVSCGFD(i))*(AG3C 1(i)-AVSCGFD(i))

CLGFCD(i)=CLGFCD(i)+(AG4C 1(i)-AVSCGFD(i))*(AG4C 1(i)-AVSCGFD(i))

CLGFCD(i)=CLGFCD(i)+(DG 1C 1(i)-AVSCGFD(i))*(DG 1C 1(i)-AVSCGFD(i))

CLGFCD(i)=CLGFCD(i)+(DG2C 1(i)-AVSCGFD(i))*(DG2C 1(i)-AVSCGFD(i))

CLGFCD(i)=CLGFCD(i)+(DG3C 1(i)-AVSCGFD(i))*(DG3C 1(i)-AVSCGFD(i))

CLGFCD(i)=CLGFCD(i)+(DG4C 1(i)-AVSCGFD(i))*(DG4C 1(i)-AVSCGFD(i))

CLGFCD(i)=CLGFCD(i)+(EG !C 1(i)-AVSCGFD(i))*(EG 1C 1(i)-AVSCGFD(i))

CLGFCD(i)=CLGFCD(i)+(EG2C 1(i)-AVSCGFD(i))*(EG2C 1(i)-AVSCGFD(i))

CLGFCD(i)=CLGFCD(i)+(EG3C 1(i)-AVSCGFD(i))*(EG3C 1(i)-AVSCGFD(i))
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CLGFCD(i)=CLGFCD(i)+(EG4C1(i)-AVSCGFD(i))*(EG4C1(i)-AVSCGFD(i))
CLGFCD(i)=sqrt(CLGFCD(i))*C1
UCLGFCD(i)=AVSCGFD(i)+CLGFCD(i)
LCLGFCD(i)=AVSCGFD(i)-CLGFCD(i)
loop
VARIABLEDUMMY
Dummy=Spline(ETIMEl,AVSCGFD,AVSCGFDY2,17)
Dummy=Spline(ETIMEl,UCLGFCD,UCLGFCDY2,17)
Dummy=Spline(ETIMEl,LCLGFCD,LCLGFCDY2,17)
AVSCGFDFit=Spllnt(ETIME1,AVSCGFD,AVSCGFDY2,17,x)
UCLGFCDFit=Spllnt(ETIME1,UCLGFCD,UCLGFCDY2,17,x)
LCLGFCDFit=SplInt(ETIME1,LCLGFCD,LCLGFCDY2,17,x)
KillWaves/FAVSCGFDY2,UCLGFCDY2,LCLGFCDY2
C2DriftwCorrectGF0;GraphD0;Graph2D0;LayoutP0
EndMacro

ProcC2DriftwCorrectGF0 INext cycle correction (2 cycles/page)
VARIABLE C1

Silent ! I Don't display macro commands

Make/N=( 17)/0 C2CLGFCD, C2UCLGFCD, C2LCLGFCD,C2AVSCGFD

Make/N=(17)/0 U,C2AVSCGFDY2,C2UCLGFCDY2, C2LCLGFCDY2

Make/N=(256)/O C2AVSCGFDFit,C2UCLGFCDFit C2LCLGFCDFit

Print "<< Average and Confidence Limits for 12 Gages >>"

C2AVSCGFD[O, 16]--0

Cl=l.80/sqrt(12)/sqrt(11) t Cl=t/sqr(n)/sqrt(n-l)

iterate (17)

C2AVSCGFD(i)=C2DG ! C 1(i)+C2DG2C 1(i)+C2DG3C 1(i)+C2DG4C 1(i)

C2AVSCGFD(i)=C2AVSCGFD(i)+C2AG 1C 1(i)+C2AG2C 1(i)+C2AG3C 1(i)+ C2AG4C 1(i)

C2AVSCGFD(i)=(C2AVSCGFD(i)+C2EG 1C 1(i)+C2EG2C 1(i)+C2EG3C 1(i)+ C2EG4C 1(i))/12

C2CLGFCD(i)=(C2AG1C I(i)-C2AVSCGFD(i))*(C2AGICI(i)-C2AVSCGFD(i))

C2CLGFCD(i)=C2CLGFCD(i)+(C2AG2CI(i)-C2AVSCGFD(i))*(C2AG2CI(i)-C2AVSCGFD(i))

(C2DriftwCorrectGF continued)

C2CLGFCD(i)=C2CLGFCD(i)+(C2AG3C 1(i)-C2AVSCGFD(i))*(C2AG3C 1(i)-C2AVSCGFD(i))

C2CLGFCD(i)=C2CLGFCD(i)+(C2AG4C 1(i)-C2AVSCGFD(i))*(C2AG4C 1(i)-C2AVSCGFD(i))

C2CLGFCD(i)=C2CLGFCD(i)+(C2DG 1C 1(i)-C2AVSCGFD(i))* (C2DG 1C 1(i)-C2AVSCGFD(i))

C2CLGFCD(i)=C2CLGFCD(i)+(C2DG2C 1(i)-C2AVSCGFD(i))*(C2DG2C 1(i)-C2AVSCGFD(i))

C2CLGFCD(i)=C2CLGFCD(i)+(C2DG3C 1(i)-C2AVSCGFD(i))*(C2DG3C 1(i)-C2AVSCGFD(i))

C2CLGFCD(i)=C2CLGFCD(i)+(C2DG4C 1(i)-C2AVSCGFD(i))*(C2DG4C 1(i)-C2AVSCGFD(i))

C2CLGFCD(i)=C2CLGFCD(i)+(C2EG 1C !(i)-C2AVSCGFD(i))*(C2EG 1C 1(i)-C2AVSCGFD(i))

C2CLGFCD(i)=C2CLGFCD(i)+(C2EG2C 1(i)-C2AVSCGFD(i))*(C2EG2C 1(i)-C2AVSCGFD(i))

C2CLGFCD(i)=C2CLGFCD(i)+(C2EG3C 1(i)-C2AVSCGFD(i))*(C2EG3C 1(i)-C2AVSCGFD(i))

C2CLGFCD(i)=C2CLGFCD(i)+(C2EG4C 1(i)-C2AVSCGFD(i))*(C2EG4C 1(i)-C2AVSCGFD(i))

C2CLGFCD(i)=sqrt(C2CLGFCD(i))*C 1

C2UCLGFCD(i)=C2AVSCGFD(i)+C2CLGFCD(i)

C2LCLGFCD(i)=C2AVSCGFD(i)-C2CLGFCD(i)

loop
VARIABLE DUMMY

Dummy=Spline(ETIME1, C2AVSCGFD, C2AVSCGFDY2, 17)

Dummy=Spline(ETIME1, C2UCLGFCD, C2UCLGFCDY2, 17)

Dummy=Spline(ETIME1, C2LCLGFCD, C2LCLGFCDY2, 17)

C2AVSCGFDFit=SpIInt(ETIMEI, C2AVSCGFD, C2AVSCGFDY2, 17, x)

C2UCLGFCDFit=SplInt(ETIME1, C2UCLGFCD, C2UCLGFCDY2, 17, x)

C2LCLGFCDFit=SpiInt(ETIME1, C2LCLGFCD, C2LCLGFCDY2, 17, x)

KillWaves/F C2AVSCGFDY2,C2UCLGFCDY2, C2LCLGFCDY2

EndMacro
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4.4 Gage Factor

4.4.1 Data Reduction Procedures

Gage factor data taken at all three centers were collected and

formalized before being loaded into IGOR for processing. Data

from all three centers were combined to obtain the average gage

factor data under tension, but only Dryden and Lewis data were

combined to obtain the average gage factor data under com-

pression. A second-degree polynomial was used for curve

fitting. Failed gages were not included in the calculation of the

average data, but the upper and lower 95% confidence limits

were affected by the number of the failed gages.

The IGOR routines used in the process and their functions

are listed as follows:

1. Load: Load the data file from hard drive.

2. InCN, Gage Type, Specimen Code: Specify cycle number,

gage type, and specimen material.

3. Arrangg: Assign waves to each column of the data file.

4. S_p._lit:Split data for heatup and cooldown cycles.

5. MeansConf: Calculate average data and upper and lower

95% confidence limits.

6. Fi._At:Perform curve fitting using second-degree polynomial.

7. HeatUpGFvsTemp: Present gage-factor-versus-tempera-

ture curves for heatup cycle.

8. CoolDownGFvsTemp: Present gage-factor-versus-tem-

perature curves for cooldown cycle.

9. Calculations: Calculate the magnitude, slope, scatter, and

repeatability of the data later used to calculate the figure of

merit for gage performance.

4.4.2 Data Reduction Routines

Macro Load()

variable/G CycleNumber,NumPts,GTyp,FitTyp

String/G Gages,SpecNum

String base="wave" Silent 1

NewPath/O Pathname, "Macintosh HD:IGOR Folder:GWP Folder:"

LoadWave/G/N/P=Pathname

ZSV 1=0;ZSV2--0;ZSV3=0;ZSV4--0

EndMacro

Macro Arrange()

String matchStr String exceptStr Silent 1

matchStr="Time*";exceptStr=-'"';KillMatchWaves(matchStr,exceptStr)

matchStr="TC*";exceptStr=-'"';KillMatchWaves(matchStr,exceptStr)

matchStr="GF*";exceptStr=-'"';KillMatchWaves(matchStr,exceptStr)

Rename wave0, TCB; Rename wavel, GF1; Rename wave2, GF2; Rename wave3,GF3; Rename wave4, GF4

Rename wave5, TCB1; Rename wave6,GF5; Rename wave7, GF6; Rename wave8,GF7; Rename wave9, GF8

End Macro

Macro InCN(CN)

Variable CN

Prompt CN,"Enter cycle number: " Silent 1

if ((CN>I 2) + (CN<I)) Abort "Invalid cycle number -- Test Plan 9/17/93 has 12 cycles for apparent strain"
endif

CycleNumber=-CN

EndMacro

Macro GageType(GTyp)

string/G Gages variable GTyp

Prompt GTyp, "Enter Gage Type: I=BCL; 2=CKA1; 3=PdCr",popup,"l;2;3"

If(GTyp==l) Gages="BCL" endif

If (GTyp==2) Gages="CKAl" endif

If (GTyp==3) Gages="PdCr" endif

EndMacro

Macro SpecimenCode(SpNm)

string SpNm

Prompt SpNm, "Enter Specimen Code: (input IN 100 or TMC)"

SpecNum=SpNm

EndMacro

Macro Split()
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Silent1
NumPts=6
Make/N=(NumPts)/O Temp 1H,Temp2H,Temp3H,TempH,Temp 1C,Temp2C,Temp3C,TempC,

Make/N=(NumPts)/O GFI H, GF1 C, GF2H, GF2C, GF3H, GF3C, GF4H, GF4C,GF5H, GF5C,GF6H,GF6C

Make/N=(NumPts)/O GF7H, GF7C, GF8H, GF8C, GF9H, GF9C, GF10H, GFIOC,GF11H, GF11C,GF12H,GF12C"

Make/N=(NumPts)/O AvgGFH, AvgGFC, AvgLaRCH, AvgDryH, AvgLeRCH, AvgLa.RC, AvgDryC, AvgLeRC

Make/N=(NumPts)/O ConfidenceH, ConfidenceC, UConfidenceH, LConfidenceH, UConfidenceC, LConfidenceC

iterate (NumPts)

Temp 1H(i)=TCB(i) Temp2H(i)=TCB 1(i) Temp3H(i)=TCB2(i) TempH(i)=(TCB(i)+TCB 1(i)+TCB2(i))/3

GFI H(i)=GF 1(i);GF2H(i)=GF2(i);GF3H(i)=GF3(i);GF4H(i)=GF4(i)

GF5H(i)=GF5(i);GF6H(i)=GF6(i);GFTH(i)=GF7(i);GFSH(i)=GF8(i)

GF9H(i)=GF9(i);GFI 0H(i)=GFIO(i);GF11H(i)=GF1 I(i);GF12H(i)=GF12(i)

Temp 1C(i)=TCB(2*NumPts-2-i) Temp2C(i)=TCB l(2*NumPts-2-i) Temp3C(i)=TCB2(2*NumPts-2-i)

TempC(i)=(TCB(2*NumPts-2-i)+TCB 1(2*NumPts-2-i)+TCB2(2*NumPts-2-i))/3

GF 1C(i)--GFI (2*NumPts-2-i);GF2C(i)=GF2(2*NumPts-2-i);GF3C(i)=GF3(2*NumPts-2-i)

GF4C(i)=GF4(2*NumPts-2-i);GF5C(i)=GF5(2*NumPts-2-i);GF6C(i)=GF6(2*NumPts-2-i)

GF7C(i)=GF7(2*NumPts-2-i);GF8C(i)=GFS(2*NumPts-2-i);GF9C(i)=GF9(2*NumPts-2-i)

GFIOC(i)=GFIO(2*NumPts-2-i);GFI 1C(i)=GF1 l(2*NumPts-2-i);GFl 2C(i)=GF12(2*NumPts-2-i)

loop

EndMacro

Macro MeansConfO

Variable C1 Silent 1

/calculate means and 95% confidence levels for each half cycle C 1=2.20/sqrt(12)/sqrt( 11 )IC 1=t/sqrt(n)/sqrt(n- 1)

iterate (NumPts)

AvgDryH(i)=(GF! H(i)+GF2H(i)+GF3H(i)+GF4H(i))/4

AvgLeRCH(i)=(GF5H(i)+GF6H(i)+GF7H(i)+GF8H(i))/4

AvgLaRCH(i)=(GF9H(i)+GF 10H(i)+GF11H(i)+GF12H(i))/4

AvgGFH(i)=(AvgDryH(i)*4+AvgLeRCH(i)*4+AvgLaRCH(i)*4)/12

AvgDryC(i)=(GF 1C(i)+GF2C(i)+GF3C(i)+GF4C(i))/4

AvgLeRC(i)=(GF5C(i)+GF6C(i)+GF7C(i)+GF8C(i))/4

AvgLaRC(i)=(GF9C(i)+GF IOC(i)+GF11C(i)+GF12C(i))/4

AvgGFC(i)=(AvgDryC(i)*4+AvgLeRC(i)*4+AvgLaRC(i)*4)/12 ConfidenceH(i)=(GF1H(i)-AvgGFH(i))*(GFl H(i)-AvgGFH(i))

ConfidenceH(i)=ConfidenceH(i)+(GF2H(i)-AvgGFH(i))*(GF2H(i)-AvgGFH(i))

ConfidenceH(i)=ConfidenceH(i)+(GF3H(i)-AvgGFH(i))*(GF3H(i)-AvgGFH(i))

ConfidenceH(i)=ConfidenceH(i)+(GF4H(i)-AvgGFH(i))*(GF4H(i)-AvgGFH(i))

ConfidenceH(i)=ConfidenceH(i)+(GF5H(i)-AvgGFH(i))*(GF5H(i)-AvgGFH(i))

ConfidenceH(i)=ConfidenceH(i)+(GF6H(i)-AvgGFH(i))*(GF6H(i)-AvgGFH(i))

ConfidenceH(i)=ConfidenceH(i)+(GF7H(i)-AvgGFH(i))*(GF7H(i)-AvgGFH(i))

ConfidenceH(i)=ConfidenceH(i)+(GF8H(i)-AvgGFH(i))*(GF8H(i)-AvgGFH(i))

ConfidenceH(i)=ConfidenceH(i)+(GF9H(i)-AvgGFH(i))*(GF9H(i)-AvgGFH(i))

ConfidenceH(i)=ConfidenceH(i)+(GF10H(i)-AvgGFH(i))*(GFI 0H(i)-AvgGFH(i))

ConfidenceH(i)=ConfidenceH(i)+(GFl 1H(i)-AvgGFH(i))*(GFI 1H(i)-AvgGFH(i))

ConfidenceH(i)=ConfidenceH(i)+(GFl2H(i)-AvgGFH(i))*(GF12H(i)-AvgGFH(i))

ConfidenceH(i)=sqrt(ConfidenceH(i))*C I

ConfidenceC(i)=(GF1C(i)-AvgGFC(i))*(GFIC(i)-AvgGFC(i))

ConfidenceC(i)=ConfidenceC(i)+(GF2C(i)-AvgGFC(i))*(GF2C(i)-AvgGFC(i))

ConfidenceC(i)=ConfidenceC(i)+(GF3C(i)-AvgGFC(i))*(GF3C(i)-AvgGFC(i))

ConfidenceC(i)=ConfidenceC(i)+(GF4C(i)-AvgGFC(i))*(GF4C(i)-AvgGFC(i))

ConfidenceC(i)=ConfidenceC(i)+(GF5C(i)-AvgGFC(i))*(GF5C(i)-AvgGFC(i))

ConfidenceC(i)=ConfidenceC(i)+(GF6C(i)-AvgGFC(i))*(GF6C(i)-AvgGFC(i))

ConfidenceC(i)=ConfidenceC(i)+(GF7C(i)-AvgGFC(i))*(GFTC(i)-AvgGFC(i))

ConfidenceC(i)--ConfidenceC(i)+(GF8C(i)-AvgGFC(i))*(GF8C(i)-AvgGFC(i))

ConfidenceC(i)=ConfidenceC(i)+(GF9C(i)-AvgGFC(i))*(GF9C(i)-AvgGFC(i))

ConfidenceC(i)=ConfidenceC(i)+(GF 10C(i)-AvgGFC(i))*(GF IOC(i)-AvgGFC(i))

ConfidenceC(i)=ConfidenceC(i)+(GF11C(i)-AvgGFC(i))*(GF11C(i)-AvgGFC(i))

ConfidenceC(i)=ConfidenceC(i)+(GF12C(i)-AvgGFC(i))*(GF 12C(i)-AvgGFC(i))

ConfidenceC(i)=sqrt(ConfidenceC(i))*C 1

UConfidenceH(i)=AvgGFH(i)+ConfidenceH(i)
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LConfidenceH(i)=AvgGFH(i)-ConfidenceH(i)UConfidenceC(i)=AvgGFC(i)+ConfidenceC(i)
LConfidenceC(i)=AvgGFC(i)-ConfidenceC(i)

loop
EndMacro
MacroFit()
VariableDummySilent1
Make/N=2/OA0,AI,A2

Make/N=(NumPts)/O
AvgGFHY2,AvgGFCY2,AvgLaRCHY2,AvgDryHY2,AvgLeRCHY2,AvgLaRCY2,AvgDryCY2,AvgLeRCY2
Make/N=(NumPts)/OUConfidenceHY2,LConfidenceHY2,UConfidenceCY2,LConfidenceCY2
Make/N=(NumPts)/OAvgGFHFit_AvgGFCFit_UC_nfidenceHFit_LC_n_denceHFit_UC_n_denceCFit_LC_n_denceCFit
Make/N=(NumPts)/OAvgLaRCHFit,AvgDryHFit,AvgLeRCHFit,AvgLaRCFit,AvgDryCFit,AvgLeRCFit
WaveStats/QAvgGFH

CurveFitpoly3,AvgGFH(V_minloc,V_maxloc)/D=AvgGFHFit/X=TempH
A0[0I=K0;A1[0]=KI;A2[01=K2

WaveStats/QUConfidenceH
CurveFitpoly3,UConfidenceH(V_minloc,V_maxloc)/D=UConfidenceHFit/X=TempH

WaveStats/QLConfidenceH
CurveFitpoly3,LConfidenceH(Vminloc,V_maxloc)/D=LConfidenceHFit/X=TempH
WaveStats/QAvgGFC

CurveFitpoly3,AvgGFC(Vminloc,Vmaxloc)/D=AvgGFCFit/X=TempC
A0[1]=K0;AIIII=K1;A2[1]=K2

WaveStats/QUConfidenceC
CurveFitpoly3,UConfidenceC(Vminloc,Vmaxloc)/D=UConfidenceCFit/X=TempC
WaveStats/QLConfidenceC
CurveFitpoly3,LConfidenceC(V_minloc,V_maxloc)/D=LConfidenceCFit/X=TempCE

EditA0,A1,A2
EndMacro
MacroHeatUpGFvsTemp0

Silent1
Variablepl,p2,p3
DisplayGF1HvsTemplHas"Gage1G.F.vs.Temperature"
DoWindow/KGraph01DoWindow/CGraph01
Make/N=(NumPts)/OTCBC
Make/N=(NumPts)/OGF1H2;GF1H2=GF1H
TCBC=(TemplH-32)'5/9
Append/q"GF1H2vsTCBC
AppendAvgGFHFitvsTempH
AppendUConfidenceHFitvsTempH
AppendLConfidenceHFitvsTempH
AppendGF2HvsTemplH
AppendGF3HvsTemplH
AppendGF4HvsTemplH
AppendGF5HvsTemp2H
AppendGF6HvsTemp2H
AppendGF7HvsTemp2H
AppendGF8HvsTemp2H
AppendGF9HvsTemp3H
AppendGF10HvsTemp3H
AppendGFllH vsTemp3H
AppendGF12HvsTemp3H
Labelbottom,"Temperature(°F)" pl=1200 p2=(0-32)'5/9p3=(pl-32)*5/9

Modifymirror(left)=1;Modifytick(left)=2;SetAxisbottom0,pl;Modifygrid(left)=1;SetAxisleft1.5,3.0
Modifywidth=340,height=190
ModifymanTick(bottom)={0,200,0,0},manMinor(bottom)={0,0};Modifygrid(bottom)=1
SetAxistopp2,p3;Labeltop,"Temperature(°C)"
ModifymanTick(top)={0,100,0,0},manMinor(top)={0,0}
Modifymode(GF1H2)=3,marker(GFlH2)=8,mrkThick(GF1H2)=0
Modifymode(GF1H)=3,marker(GF1H)=8;Modifymode(GF2H)=3,marker(GF2H)=8;
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Modifymode(GF3H)=3,marker(GF3H)=8;Modifymode(GF4H)=3,marker(GF4H)=8
Modifymode(GF5H)=3,marker(GF5H)=5;Modifymode(GF6H)=3,marker(GF6H)=5;
Modifymode(GF7H)=3,marker(GF7H)=5;Modifymode(GF8H)=3,marker(GF8H)=5
Modifymode(GF9H)=3,marker(GF9H)=6;Modifymode(GFlOH)=3,marker(GF10H)=6;

Modifymode(GFl1H)=3,marker(GF11H)=6;Modifymode(GF12H)=3,marker(GF12H)=6
Modifylstyle(UConfidenceHFit)=2;Modifyistyle(LConfidenceHFit)=2
Legend/X=-12/Y=-28/J/A=MC
AppendText'%Z08_s(GF1H) DFRCtestdata"
AppendText"kZ08_s(GF5H)LeRCtestdata"
AppendText"kZ08ks(GF9H)LaRCtestdata"
AppendText"kZ08ks(AvgGFHFit)Average"
AppendText'%Z08\s(UConfidenceHFit)95%CL"
Textbox/N=TextBox_l/F=0/A=MC/X=-5/Y=-50
AppendText"_Z10"+Gages+"on"+SpecNum+"forcycle"+num2str(CycleNumber)+"Heating,Tension"

EndMacro
MacroCoolDownGFvsTempO

Silent1
Variablepl,p2,p3"
DisplayGF1CvsTemplCas"Gage1G.F.vs.Temperature"

DoWindow/KGraph02DoWindow/CGraph02
Make/N=(NumPts)/OTCBCMake/N=(NumPts)/OGFIC2;GFIC2=GF1C
TCBC=(TemplC-32)*5/9
Append/TGF1C2vsTCBC
AppendAvgGFCFitvsTempC
AppendUConfidenceCFitvsTempC
AppendLConfidenceCFitvsTempC
AppendGF2CvsTemplC
AppendGF3CvsTemplC
AppendGF4CvsTemplC
AppendGF5CvsTemp2C
AppendGF6CvsTemp2C
AppendGF7CvsTemp2C
AppendGF8CvsTemp2C
AppendGF9CvsTemp3C
AppendGFIOCvsTemp3C
AppendGF1ICvsTemp3C
AppendGF12CvsTemp3C

Labelbottom,"Temperature(°F)"
pl=1200 p2=(0-32)'5/9 p3=(pl-32)*5/9

Modifymirror(left)=1;Modifytick(left)=2;SetAxisbottom0,pI;Modifygrid(left)=1;SetAxisleft1.5,3.0
Modifywidth=340,height=190
ModifymanTick(bottom)={0,200,0,0},manMinor(bottom)={0,0};Modifygrid(bottom)=1
SetAxistopp2,p3;Labeltop,'"'Temperature(°C)"
ModifymanTick(top)={0,100,0,0},manMinor(top)={0,0}
Modifymode(GF1C2)=3,marker(GF1C2)=19,mrkThick(GF1C2)=0
Modifymode(GF1C)=3,marker(GF!C)=19;Modifymode(GF2C)=3,marker(GF2C)=19;

Modifymode(GF3C)=3,marker(GF3C)=19;Modifymode(GF4C)=3,marker(GF4C)=19
Modifymode(GF5C)=3,marker(GF5C)=16;Modifymode(GF6C)=3,marker(GF6C)=16;

Modifymode(GF7C)=3,marker(GF7C)=16;Modifymode(GF8C)=3,marker(GF8C)=16
Modifymode(GF9C)=3,marker(GF9C)=17;Modifymode(GF10C)=3,marker(GF10C)=!7;

Modifymode(GF11C)=3,marker(GF11C)=17;Modifymode(GF12C)=3,marker(GF12C)=17
ModifyIstyle(UConfidenceCFit)=2;Modifylstyle(LConfidenceCFit)=2

Legend/X=-12/Y=-28/J/A=MC
AppendText"W_08ks(GFIC)DFRCtestdata"
AppendText"_Z08_s(GF5C)LeRCtestdata"
AppendText"_Z08\s(GF9C)LaRCtestdata"
AppendText"_Z08\s(AvgGFCFit)Average"
AppendText'"'W__8_s(UConfidenceCFit)95%CL"
Textbox/N=TextBox_2/F=0/A=MC/X=-5/Y=-50

AppendText"XZ!0 "+Gages+"on"+SpecNum+"forcycle"+num2str(CycleNumber)+"Cooling,Tension"

LayoutPO
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LayoutP0
EndMacro
MacroCalculations()

VariableRepeatX
Variablei, lim,MaxSlopeH,MaxSlopeC,MaxLoc0,MaxLocl

Silentl
Make/N=2/OMagnitude,Scatter,Slope
Make/N=2/ORepeatability
Make/N=256/ODerivativeH,DerivativeC,Repeatabilityl,DerivativeTH,DerivativeTC
SetScale/Ix(TempH(0)),(TempH(NumPts-l)),'"DerivativeH;

SetScale/Ix(TempC(0)),(TempC(NumPts-l)),'"'DerivativeC;
if (TempH(0)>=TempC(0))

SetScale/lx(TempH(0)), (TempH(NumPts- 1)), '"'Repeatability 1;

else

SetScale/l x (TempC(0)), (TempC(NumPts-1)), '"'Repeatability l ;

endif

Make/N=256/O AvgGFHFitX,AvgGFCFitX,AvgGFHFit 1,AvgGFCFit 1,UConfidenceHFit 1,LConfidenceHFit I ,UConfidenceCFit 1,

LConfidenceCFit 1

SetScale/I x (TempH(0)), (TempH(NumPts-1)), FitX,AvgGFHFitl,UConfidenceHFitl,LConfidenceHFit 1

SetScale/l x (TempC(0)), (TempC(NumPts-1)), AvgGFCFitX,AvgGFCFitl,UConfidenceCFitl,LConfidenceCFitl

WaveStats/Q AvgGFHFit

Magnitude[0]=Area(AvgGFHFit,TempH(0),TempH(NumPts- 1))

WaveStats/Q AvgGFCFit

Magnitude[ l ]=Area(AvgGFCFit, TempC(0),TempC(NumPts- 1))

AvgGFHFit I=AvgGFHFit AvgGFCFit 1=AvgGFCFit

UConfidenceHFit l=UConfidenceHFit LConfidenceHFit 1=LConfidenceHFit

UConfidenceCFit l=UConfidenceCFit LConfidenceCFit I =LConfidenceCFit

Scatter[_]=Area(UC_n_denceHFitl_TempH(_)_TempH(NumPts-1))-Area(LC_n_denceHFit__TempH(_)_TempH(Nu mPts-1))

Scatter[ 1]=Area(UConfidenceCFitl,TempC(0),TempC(NumPts- 1))-Area(LConfidenceCFit 1,TempC(0),TempC(Nu mPts-1))

DerivativeH=AvgGFHFit Differentiate DerivativeH DerivativeH=abs(DerivativeH)

DerivativeC=AvgGFCFit Differentiate DerivativeC DerivativeC=abs(DerivativeC)

Siope[0]=IntegrateAbs(DerivativeH)/(TempH(NumPts- 1)-TempH(0))

Slope[ 1]=IntegrateAbs(DerivativeC)/(TempC(NumPts- 1)-TempC(0))

i=0 1im=255 do

if (i>lim) break endif

AvgGFHFitX[i]=pnt2x(AvgGFHFit 1,i)

AvgGFCFitX[i]=pnt2x(AvgGFCFit 1,i)

i=i+l while (1)
i--0 1im=255 do

if (i>lim) break endif

RepeatX=pnt2x(Repeatability 1,i)

Repeatability I [i]=interp(RepeatX,AvgGFHFitX,AvgGFHFit 1)-interp(RepeatX,AvgGFCFitX,AvgGFCFit 1)"

i+=l while (1)

Repeatability[0]=IntegrateAbs(Repeatabilityl)

Repeatability [ 1]=IntegrateAbs(Repeatability 1)

Edit Scatter, Magnitude,Slope, Repeatability, A0,A1,A2

DoWindow/K Table00

DoWindow/C Table00 I Subsequent macros expect this name

Modify format(Magnitude.y)=3

Modify format(Scatter.y)=3

Modify format(Slope.y)---0

Modify format(Repeatability.y)=3

Modify width(Point)=50

Modify width(Repeatability)= 100

DoWindow/F Layout0

KillWaves/F Repeatability 1 I

Edit/W=(0,270,635,478)

Scatter[0],Scatter[ 1],Magnitude[0],Magnitude[ 1 ],Siope[0],Slope[ 11,Repeatability[0],Repeatability[ 1]

EndMacro
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Chapter 5

Test Data

5.1 Apparent Strain Data

Figures 5.1 to 5.72 show plots of microstrain versus

temperature for each of the three selected gages attached to
two different materials, IN100 and 13-21S TMC. There are

12 figures for each type of gage and each figure represents

a temperature cycle as defined in chapter 2. Data from all 12

gages of a particular type are shown on each plot unless a
failure occurred; then only data from surviving gages are

shown. Also shown on each figure are the average values

for the 12 gages and the upper and lower 95% confidence
limits. Except where noted, scales for the INI00 figures are

identical, as are those for the 13-21S figures. Also shown in
this section in tabular form are the incremental zero shifts

for each cycle and the accumulated zero shifts through each

temperature cycle. A list of the apparent strain figures is

given in table 5.1.

For each of the three gage types installed on INI00, fig-

ures 5.1 to 5.36 plot apparent swain and tables 5.2 to 5.7 tabulate

zero shifts resulting from each complete cycle and the sums of

these shifts as they accumulated through each of the 12 cycles.

Figures 5.37 to 5.72 and tables 5.8 to 5.13 do the same for the

gages installed on 13-21S TMC.
Two PdCr gages failed on the first cycle of IN100 coupon

testing; therefore, all data for PdCr gages on IN 100 are based on

10 gages. Two PdCr gages failed on the cooldown of cycle 12

on 13-21S; therefore, those data are based on 10 gages.
All plots for apparent strain on IN100 material are to the same

scale except figures 5.23(b) and 5.24(b), which have expanded

scales to allow inclusion of all data points. Plots of 13-21S data use

the same scale except for figures 5.57(b), 5.58Co), 5.59Co), and

5.600a), which are also expanded to include all data points.
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TABLE 5. I--FIGURES FOR APPARENT STRAIN

Figure

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5,10

5.11

5.12

Gage type

CKA 1

CKA 1

CKA 1

CKAI

CKA1

CKA1

CKAI

CKAI

CKAI

CKAI

CKA1

CKA1

Substrate

material

INI00

IN 100

INI00

INI00

IN100

INI00

IN100

IN100

IN100

IN100

IN100

INI00

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

PdCr IN100

PdCr IN100

PdCr IN100

PdCr IN 100

PdCr IN 100

PdCr IN100

PdCr IN 100

PdCr IN 100

PdCr IN 100

PdCr IN 100

PdCr IN 100

PdCr IN 100

5.25

5.26

5.27

5.28

5.29

5.30

5.31

5.32

5.33

5.34

5.35

5.36

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

IN100

IN100

IN100

IN100

IN100

IN100

IN100

IN100

IN100

IN100

IN100

IN100

5.37

5.38

5.39

5.40

5.41

5.42

5.43

5.44

5.45

5.46

5.47

5.48

CKA1 TMC

CKA1 TMC

CKA1 TMC

CKA1 TMC

CKA1 TMC

CKA1 TMC

CKA1 TMC

CKA1 TMC

CKA1 TMC

CKA1 TMC

CKA1 TMC

CKA1 TMC

Maximum Heat/cool rates Cycle

temperature

°F °C F de_/min C de_/min

1200 650 10/10 5.6/10 ]

1200 650 10/10 5.6/10 2

1200 650 60/10 33/10 3

1200 650 60/10 33/10 4

1200 650 60/60 33/10 5

1200 650 60/60 33/10 6

1200 650 10/10 5.6/10 7

1200 650 10/10 5.6/10 8

1350 730 10/10 5.6/10 9

1350 730 10/10 5.6/10 10

1500 815 10/10 5.6/10 11

1500 815 10/10 5.6/10 12

1200 650 10/10 5.6/10 1

1200 650 10/10 5.6/10 2

1200 650 60/10 33/10 3

1200 650 60/10 33/10 4

1200 650 60/60 33/10 5

1200 650 60/60 33/10 6

1200 650 10/10 5.6/10 7

1200 650 10/10 5.6/10 8

1350 730 10/10 5.6/10 9

1350 730 10/10 5.6/10 10

1500 815 10/10 5.6/10 11

1500 815 10/10 5.6/10 12

1200 650 1(3/10 5.6/10 1

1200 650 1(3/10 5.6/10 2

1200 650 60/10 33/10 3

1200 650 60/10 33/10 4

1200 650 60/60 33/10 5

1200 650 60/60 33/10 6

1200 650 10/10 5.6/10 7

1200 650 1(3/10 5.6/10 8

1350 730 10/10 5.6/10 9

1350 730 10/10 5.6/10 10

1500 815 10/10 5.6/10 11

1500 815 10/10 5.6/10 12

1200 650 10/10 5.6/10 1

1200 650 10/10 5.6/10 2

1200 650 60/10 33/10 3

1200 650 60/10 33/10 4

1200 650 60/60 33/10 5

1200 650 60/60 33/10 6

1200 650 10/10 5.6/10 7

1200 650 10/10 5.6/10 8

1350 730 10/10 5.6/10 9

1350 730 10/10 5.6/10 10

1500 815 10/10 5.6/10 11

1500 815 10/10 5.6/10 12
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TABLE 5. l----Concluded.

Figure

5.49

5.50

5.51

5.52

5.53

5.54

5.55

5.56

5.57

5.58

5.59

5.60

5.61

5.62

5.63

5.64

5.65

5.66

5.67

5.68

5.69

5.70

5.71

5.72

Gage type

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

Substrate Maximum Heat/cool ra_s

material temperature

°F °C F de_min C de_/min

TMC 1200 650 10/10 5.6/10

TMC 1200 650 10/10 5.6/10

TMC 1200 650 60/10 33/10

TMC 1200 650 60/10 33/10

TMC 1200 650 60/60 33/10

TMC 1200 650 60160 33/10

TMC 1200 650 10/10 5.6/10

TMC 1200 650 10/10 5.6/10

TMC 1350 730 10/10 5.6/10

TMC 1350 730 10/10 5.6/10

TMC 1500 815 10/10 5.6/10

TMC 1500 815 10/10 5.6/10

TMC 1200 650 113/10 5.6/10

TMC 1200 650 10/10 5.6/10

TMC 1200 650 60/10 33/10

TMC 1200 650 60/10 33/10

TMC 1200 650 60/60 33/10

TMC 1200 650 60/60 33/10

TMC 1200 650 10/10 5.6/10

TMC 1200 650 10/10 5.6/10

TMC 1350 730 10/10 5.6/10

TMC 1350 730 10/10 5.6/10

TMC 1500 815 10/10 5.6/t0

TMC 1500 815 10/10 5.6/10

Cycle

1

2

3

4

5

6

7

8

9

10

11

12

1

2

3

4

5

6

7

8

9

10

I1

12

TABLE 5.2.--CKAI INCREMENTAL ZERO SHIFTS ON IN100

Gage

1 246 135

2 9 139

3 -61 83

4 1322 219

5 -273 9

6 -710 12

7 0 207

8 -80 139

9 -34 206

10 961 -736

11 -145 204
12 -532 541

12

Tested at Lan_le),
26 33 -17 72 -71 121 529 113 -312 -482

64 18 2 79 -83 42 261 97 139 -359

73 26 6 3 -171 51 192 -152 -175 -148

134 60 50 70 -29 112 345 110 -199 -306

Tested at Lewis

-74 -78 -4t -40 -30 0 -252 -73 -775 -4-423

7 --8 -14 -37 -1 2 -94 20 -72 -59

39 -2 17 1 -24 3 -30 -81 -179 -131

39 11 75 119 -14 -18 -146 --40 -491 -123

Tested at Dr),den
143 131 23 -29 -34 -25 95 1 -36 -115

212 194 70 11 32 -8 270 50 60 9

74 57 14 -28 -14 17 61 -50 -554 -205

116 132 0 1 -36 -37 -18 -15 -209 -124
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TABLE 5.3-42KA1 ACCUMULATED ZERO SHIFTS ON INI00

Gage

Tesmd at Lan_le?

1 246 381 408 440 424 496 425 545 1074 1188 876 394

2 9 148 211 229 231 310 226 268 530 626 765 407

3 -61 22 95 121 116 119 -52 -1 191 39 -136 -283

4 1322 1541 1676 1736 1785 1855 1826 1938 2284 2393 2194 1888

Tes_d m Lewis

5 -273 -263 -338 --416 -458 -498 -528 -528 -780 -853 -1628 -2051

6 -710 -697 -690 -699 -713 -750 -751 -749 -842 -823 -895 -954

7 0 207 246 244 261 262 238 241 211 129 -49 -181

8 -80 60 99 110 184 303 289 271 126 85 -405 -528

Tested at Dr_den
9 -34 172 315 445 468 439 405 380 475 476 439 325

10 961 225 437 631 701 712 744 736 1006 1056 1116 1125

11 -145 95 169 227 241 213 199 215 276 226 -329 -534

12 -532 9 125 257 257 258 222 185 167 152 -57 -181

TABLE 5.4.--PdCr INCREMENTAL ZERO SHIFTS ON IN100

Gage

9
10

11

12

-1001

failed

117

331

234

88

243

179

227

432

failed

-976

-443

120

-72

45

79

102

73

35

-207

-122

-181

106

354

45

79

102

73

72

32

5O

865

273

378

103

45

68

42

-129

-47

-134

Tested at Lan _le)'
- 1742 -56 467 -390 197 1022 6582

12

-986

-370 -9 420 167 -650 515 -1394 -328

-298 102 581 331 334 620 3 -333

Tes_d _Lewis

171 74 19 109 13 451 5001 -25

44 88 -20 37 56 327 7626 114

28 116 4 55 106 606 7479 996

39 126 -24 32 9 352 8269 1295

Tested at Dr_den
-213 65 -32 16 -304 -255 -2120 -984

--603 -69 248 -209 -1398 -79 -2523 -870

-474 74 124 2 --666 247 -138 -3035
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TABLE 5.5.--PdCr ACCUMULATED ZERO SHIFTS ON IN 100

Gage

I -1001 -1444 -1625 -760

2 f_led

3 117 237 343 616

4 331 258 612 991

234

88

243

179

279

167

345

252

324

245

447

325

427
290

515
367

9 227 262 333 205

10 432 225 256 209

11 f_led

12 -976 -1098 -1048 -1182

12

Tes_d at Lanile_
-2502 -2557 -2090 -2480 -2283 -1261 5321 4335

246 236 656 823 173 687 -707 -1035

693 795 1376 1707 2040 2660 2663 2330

Tes_d _Lewts

599 672 691 801 813 1264 6265 6241

334 422 401 438 493 820 8447 8561

543 659 663 718 824 1430 8908 9905

406 531 508 540 549 901 9170 10465

Tes_d _Dr_den
-9 56 24 40 -265 -520 -2640 -3624

-394 ---462 -214 -424 -1821 -1900 --4423 -5293

-1656 -1582 -1458 -1456 -2122 -1876 -2014 -5049

TABLE 5.6.--DETCBCL INCREMENTAL ZERO SHIFTS ON INI00

Gage
12

Tesmd _Lan_le_
1 -1733 284 -149 213 957 147 -1903 886 -346 -1717 541 -890

2 -1664 269 -136 210 958 156 -1900 893 -344 -1711 567 -868

3 -1762 276 -137 213 957 153 -1901 893 -343 -1711 587 -848
4 -1748 264 -119 210 957 153 -1902 903 -370 -1708 589 -853

Tes_d _Lewis

5 -1424 -196 -60 -215 -180 157 97 -239 -372 -414 -1635 -712

6 -1385 -207 -57 -194 -212 182 89 -242 -350 -394 -1501 -644

7 -1369 -204 -61 -212 -183 152 109 -240 -371 -405 -1617 -695

8 -1476 -205 -63 -217 -204 161 98 -241 -371 -414 -1662 -724

Tes_d _ Dryden
9 -1090 -87 57 91 1091 -58 -1389 -79 -259 -207 -1116 -640

10 -1220 -126 94 63 1008 92 -1396 -23 -232 -265 -1130 --609

11 -1092 -218 -8 44 1304 -87 -1301 -36 -258 -205 -1079 -593

12 -1066 -200 6 45 1067 -60 -1297 -16 -308 -180 -1073 -592
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TABLE 5.7.--DETCBCL ACCUMULATED ZERO SHIFTS ON IN 100

Gage cle

Tested at Lan _le),

12

1 -1733 -1448 -1598 -1385 -427 -280 -2183 -1297 -1644 -3361 -2820 -3710
2 -1664 -1394 -1530 -1320 -361 -206 -2106 -1213 -1557 -3267 -2700 -3568

3 -1762 -1486 -1622 -1409 -452 -299 -2200 -1307 -1650 -3361 -2774 -3623
4 -1748 -1485 -1604 -1394 -436 -284 -2186 -1283 -1653 -3361 -2771 -3625

Tes_d _Lewis

5 -1424 -1620 -1679 -1894 -2074 -1917 -1820 -2058 -2431 -2845 -4480 -5192

6 -1385 -1592 -1649 -1843 -2055 -1873 -1784 -2026 -2376 -2769 -4270 -4914

7 -1369 -1572 -1633 -1845 -2028 -1875 -1766 -2006 -2377 -2781 -4398 -5093

8 -1476 -1681 -1743 -1960 -2164 -2004 -1906 -2147 -2518 -2932 -4594 -5318

Tested at Dryden
9 -1090 -1177 -1120 -1030 62 4 -1386 -1465 -1724 -1931 -3047 -3687

10 -1220 -1347 -1252 -1189 -182 --89 -1485 -1508 -1740 -2005 -3135 -3744

11 -1092 -1310 -1318 -1274 29 -58 -1359 -1395 -1653 -1858 -2936 -3529

12 -1066 -1266 -1260 -1215 -148 -208 -1506 -1521 -1829 -2010 -3083 -3674

TABLE 5.8.--CKAI INCREMENTAL ZERO SHIb-"FS ON _I-21S TMC

Gage cle
12

Tes_d at Lan_le_
1 855 102 77 132 60 98 2 155 7 37 -182 5753

2 960 105 63 49 83 106 8 179 383 72 369 5074

3 1379 71 26 --46 -127 20 -11 119 88 -86 172 5268

4 827 56 6 56 2 5 -71 182 259 64 198 2960

Tesmd at Lewis

5 829 106 54 41 34 84 20 18 -138 -62 -852 -96

6 707 95 53 50 --40 53 34 35 -173 --44 -896 -246

7 976 112 42 40 -8 36 35 35 -134 -38 ---404 221

8 1205 91 39 43 -49 25 27 25 -176 -59 -824 -303

Tested at Dryden
9 550 131 61 29 73 88 58 41 -29 25 -361 43

10 440 124 56 -1 47 76 90 72 -12 22 -588 -132

11 736 118 83 57 65 72 70 55 -18 5 -564 -44

12 801 99 40 -4 62 19 62 38 -7 14 --478 -116
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Gage
TABLE5.9---CKAIACCUMULATEDZEROSHIFTSONp-21STMC

1 855 957 1034
2 960 1065 1129
3 1379 1451 1477
4 827 883 890

5 829 935 989
6 707 803 855
7 976 1087 1129
8 1205 1296 1335

9 550 681 742
10 440 564 620
11 736 854 937
12 801 899 940

12
Tes_dat Larde_

1166 1226 1324 1326 1481 1487 1525 1342 7095
1178 1261 1366 1375 1553 1936 2009 2377 7451

1430 1303 1323 1312 1431 1519 1434 1606 6874

945 948 953 882 1064 1324 1387 1585 4545

Tes_d _Lewis

1030 1064 1148 1168 1186 1048 986 134 38

905 865 918 952 986 814 770 -126 -372

1169 1160 1196 1231 1266 1132 1094 690 911

1378 1329 1354 1381 1406 1231 1171 347 44

Tes_d _Dr_den
771 845 933 991 1032 1004 1029 668 711
619 666 742 832 904 892 914 326 193

994 1059 1132 1202 1256 1238 1243 679 635
936 998 1016 1078 1116 1109 1124 646 529

Gage

TABLE 5.10.--PdCr INCREMENTAL ZERO SHIFTS ON p-21S TMC

Tes_d _i-,a_ile _

1 -3342 -1002 -430 -195 -330 -80 66 96 4337 2476 11366 4194
2 --4685 -1191 -544 -286 -361 -144 71 83 4008 2327 10289 3994

3 -5048 -1356 -584 -360 -428 -238 -1 19 4051 2640 12153 6934
4 -2689 -939 -433 -250 -344 -134 60 91 3420 235t 9848 4243

Tes_d _Lewts

5 -123 -156 -146 -116 -115 -107 76 63 7592 4000 20626 11258

6 -228 -190 -176 -133 -141 -88 78 81 8035 4191 21751 11240

7 -247 -226 -208 -160 -188 -135 78 61 9346 4724 25002 3866

8 -338 -272 -248 -118 -173 -114 72 177 7731 4110 28608 12239

Tes_d _ D_den

9 -4961 -2123 -1169 -638 -802 -469 -921 -751 3101 2760 13244 fmled

10 -5923 -2138 -873 -17 -625 --402 -546 -706 4765 3008 8761 fmled

11 -4180 -2132 -i142 -788 -801 --479 -754 -761 2788 2231 18469 -14200

12 -4714 -2056 -1174 --642 -708 -281 -709 -716 1857 2717 17705 -23121
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TABLE5.1l.--PdCrACCUMULATEDZERO SHIFTS ON [_-21S TMC

Gage cle

1 -3342 --4344 -4774 -4969

2 -4685 -5876 -6420 -6706

3 -5048 -6404 -6-6989 -7349

4 -2689 -3627 -4060 -4310

5 -123 -279 -425 -541

6 -228 --418 -594 -726

7 -247 -473 -681 -840

8 -338 -610 -859 -977

9 -4961 -7084 -8253 -8891

10 -5923 -8061 -8934 -8951

11 -4180 -6312 -7454 -8242

12 --4714 -6770 -7944 -8585

12

Tes_d at Lan_le_
-5298 -5379 -5313 -5217 -880 1597 12963 17157

-7067 -7211 -7140 -7057 -3049 722 9567 13561

-7777 -8015 -8016 -7997 -3945 -1305 10848 17782

-4654 -4788 -4728 -4637 -1217 1134 10981 15225

Tes_d m Lewis

-656 -763 --687 -624 6968 10968 31594 42853

-868 -956 -877 -797 7239 1430 33181 44421

-1028 -1163 -1085 -1024 8322 13045 38047 41913

-1150 -1264 -1192 -1016 6716 10826 39434 51673

Tested at Dryden
-9693 -10162 -10863 -11834 -8733 -5973 7272 f_led

-9577 -9979 -10524 -11230 ---6465 -3457 5304 fmled

-9042 -9521 -10275 -11036 -8248 --6017 12452 -1748

-9293 -9575 -10284 -11000 -9143 -6426 11279 -11842

TABLE 5.12.--DETCBCL INCREMENTAL ZERO SHIFTS ON 13-21S TMC

Gage cle
12

Tesmd at Lan_le_
1 -678 -570 694 -95 879 -20 -779 -239 -389 85 -1177 -706

2 -706 -571 659 -71 874 79 -757 -208 53 139 -1094 -711

3 60 -527 662 -96 861 -34 -739 -239 --427 77 -1149 -637

4 101 -523 668 -86 869 -29 -740 -249 -409 88 -1042 -597

Tes_d at Lewis

5 -962 -54 -155 -31 -265 42 292 -63 139 -786 -1036 -1225

6 -1032 -53 -154 -26 -278 48 310 --64 169 -784 -1050 -969

7 -136 -27 -149 -32 -288 20 308 -62 99 -816 -1090 -658

8 -123 -23 -147 -36 -292 53 323 -52 118 -806 -1060 -618

Tested at Dr_den
9 -464 -6 -127 54 1017 66 -1180 147 -167 14 -617 -441

10 -365 26 -113 39 1128 -69 -1199 160 -204 7 -589 -420

11 130 -9 -153 24 1171 -65 -1194 155 -160 19 -587 -435

12 62 12 -125 18 1090 -80 -1196 108 -133 23 -577 -449

TABLE 5.13.--DETCBCL ACCUMULATED ZERO SHIFTS ON 13-21S TMC

Gage C cle
12

Tested at Lan[le_
1 -678 -1248 -554 --650 229 209 -570 -809 -1197 -1112 -2289 -2995
2 -706 -1276 -618 -689 186 265 -492 -700 -647 -508 -1602 -2314

3 60 -467 195 99 960 926 186 -53 -481 --404 -15553 -2190
4 101 -422 246 160 1029 1000 260 11 -398 -310 -1352 -1949

Tes_d _Lewis

5 -962 -1016 -1172 -1203 -1469 -1426 -1135 -1198 -1059 -1845 -2880 -4105
6 -1032 -1085 -1239 -1265 -1543 -1495 -1185 -1249 -1080 -1864 -2914 -3882

7 -136 -163 -311 -343 -631 -610 -302 -364 -265 -1081 -2175 -2832

8 -123 -146 -293 -329 -621 -568 -245 -297 -179 -985 -2045 -2663

Tested at Dr_den
9 -464 -471 -597 -544 473 539 -641 -493 -661 _47 -1263 -1705

10 -365 -338 -452 --412 716 647 -552 -392 -596 -589 -1178 -1599

11 130 121 -33 -8 1163 1098 -97 58 -101 -82 -669 -1104

12 62 73 -52 -34 1056 976 -220 -112 -245 -222 -799 -1248
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Figure 5.67.---DETCBCL gage cycle 7 apparent strain on 11-215TMC.

10x103

0

-5

0

Temperature, °C

0 100 200 300 400

: l,,,,i,,,,il,,,, i,,,, li,,,,l',,,l'i'" i'" ' l"i'

50O 600

Heat-up: Cool-down:
o LaRC data • LaRC data
O DFRC data • DFRC data
A LeRC data • LeRC data

_ Average ........ Average
..... 95* CL -- 95% CL
Heating/Cooling Rate (°F/rain): 10/10

.........................................................................................f.............................................................?............................

llz,lizIllllllliil,llilll'Ioil'illlz''il''llllilZlltlll'lll

200 400 600 800 1000 1200

Temperature, °F

Figure 5.68._DETCBCL gage cycle 8 apparent strain on @-21STMC.

150



o0
:::L

.m

03

¢.-
_)

O_
O..
<

10x 10 3

Temperature, °C

0 200 400 600

:, , I I I n:l * u I I , , I I I ,:n n I I =

- Heat-up: Cool-down:
...... o LaRC data • LaRC data ...........................................................................................
- [] DFRC data • DFRC data
. & LeRC data • LeRC data
. _ Average ........ Average

..... 95% CL - - 95% CL

5 Heating/Cooling Rate (°F/min): 10/10

-5 ..............................................................................-_......................................................................................................

• i i ! _ "

"Ii,,I,,,,I,,,,I,,,,I,,,,I,,,,I,,,,I,,,,I,,,,I,,,,I,,,,I,,,, ,,l,l,r

0 200 400 600 800 1000 1200

Temperature, °F

Figure 5.69.---DETCBCL gage cycle 9 apparent strain on _-21S TMC.

o_
=L

03

c-

Q.
CL

10x 103

5

0

-5

Temperature, °C

0 200 400 600

• IHeat-up: Cool-down:
...... I o LaRC data • LaRC data ...........................................................................................
• I n DFRCdata • DFRCdata
• I & LeRCdata • LeRCdata

I m Average ........ Average
• I ..... 95%CL -- 95%CL

- IHeating/Cooling Rate (°F/min): 10/10 .........................................................................

• i
", ,, Ll,,,,l,,a,l,,,,l,,,,l,,,,l,,,,l,,,,l,,,,l,,,, ,,,,l,,i,l,,i,l,,"

0 200 400 600 800 1000 1200

Temperature, °F

Figure 5.70.mDETCBCL gage cycle 10 apparent strain on 6-21S TMC.

151



10x103

oJ
::L

d 5

Ib--

O3

¢..

0
Q.

<

-5

10x 103

ff 5

Or)

t-

0
Q.
Q_
<

-5

0 200

-I ' ' ' ,_i ' ' ' ' li' ' ' ' li' ' i ,

- Heat-up: Cool-down:
o LaRC data • LaRC data
n DFRC data • DFRC data
• LeRC data • LeRC data

m Average ........ Average
..... 95% CL - - 95% CL
Heating/Cooling Rate (°F/min): 10110

Temperature, °C

400 600 800

,:, I , I ' J ' ' I I ,:l I I , , I I I-

.......

,,,l,,,,I,,,,l,,t,l,,,,l,,,,l,,,il,,,,I,,,,ll,,,I,,,,l,,,,l,,IIl''''l'''ll

0 200 400 600 800 1000 1200 1400

Temperature, °F

Figure 5.71 .wDETCBCL gage cycle 11 apparent strain on _-21S TMC.
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5.2 Drift Strain Data

The following pages contain the composite drift strain data

acquired on IN 100 with the CKA 1 gage, the PdCr gage, and the

DETCBCL gage (figs. 5.73 to 5.93). This same sequence is

then repeated for the TMC material (figs. 5.94 to 5.114). Each

gage/material combination was tested at 600, 750, 900, 1050,

1200, 1350, and 1500 °F (315,400, 480, 565, 650, 730, and

815 °C). Each curve shows the results from 12 gages complete

with an average drift strain and the upper and lower 95%

confidence limits for that gage, material, and temperature

combination. A list of the drift strain figures is given in
table 5.14.

TABLE 5.14--FIGURES FOR DRIFT STRAIN

Figure

5.73

5.74

5.75

5.76

5.77

5.78

5.79

5.80

5.81

5.82

5.83

5.84

5.85

5.86

5.87

5.88

5.89

5.90

5.91

5.92

5.93

5.94

5.95

5.96

5.97

5.98

5.99

5.100

5.101

5.102

5.103

5.104

5.105

5.106

5.107

5.108

5.109

5.110

5.111

5.112

5.113

5.114

Gage type

CKAI

CKA1

CKA1

CKA1

CKA1

CKA1

CKAI

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

CKA1

CKA1

CKAI

CKA1

CKAI

CKAI

CKAI

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

Substrate Maximum

material temperature

°F °C

IN100 600 315

IN100 750 400

IN 100 900 480

IN100 1050 565

INI00 1200 650

IN100 1350 730

IN100 1500 815

IN100 600 315

IN100 750 400

IN 100 900 480

IN100 1050 565

IN 100 1200 650

IN100 1350 730

INI00 1500 815

IN100 600 315

IN100 750 400

IN 100 900 480

IN100 1050 565

IN 100 1200 650

IN100 1350 730

IN100 1500 815

TMC 600 315

TMC 750 400

TMC 900 480

TMC 1050 565

TMC 1200 650

TMC 1350 730

TMC 1500 815

TMC 600 315

TMC 750 400

TMC 900 480

TMC 1050 565

TMC 1200 650

TMC 1350 730

TMC 1500 815

TMC 600 315

TMC 750 400

TMC 900 480

TMC 1050 565

TMC 1200 650

TMC 1350 730

TMC 1500 815
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Figure 5.74._Twelve CKA1 gages on IN100--cycle 2 (750 °F; 398 °C).
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Figure 5.75.--Twelve CKA1 gages on IN100_cycle 3 (900 °F; 482 °C).
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Figure 5.76.--Twelve CKA1 gages on IN100---cycle 4 (1050 °F; 565 °C).
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Figure 5.77._Twelve CKA1 gages on IN100---cycle 5 (1200 °F; 648 °C).

Strain

Due to Drift 0-
(pin/in)

-500 --

Strain
Due to Drift

(pin/in)

2000 1'

1500-

1000-

500-

0-

-500-

-1000-

-1500-

-2000-

I I I I I I

.!......JJ"°"!""e,=@_RC ..........................................!....................i.....................i...........................i "ested@LeRC : i

Tested@DFRC ....................................................................................._...........................
....... UpperConfidenceLimit

LowerConfidenceLimit

-i...... _ AverageStrain ...............................................................................................................

....._.--.-8 ......_ .......I#......1_......._ ......._.......1_......._ ......._ ....

, f
0 30 60 90 120 150 180 210 240

Time (rain)

Figure 5.78.--Twelve CKA1 gages on IN100_cycle 6 (1350 °F; 732 °C).
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Figure 5.79.--Twelve CKA1 gages on IN100recycle 7 (1500 °F; 816 °C).
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Figure 5.80.mTwelve PdOr gages on IN100---cycle 1 (600 °F; 315 °C).
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Figure 5.81 .--Twelve PdCr gages on INlOO_cycle 2 (750 °F; 398 °C).
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Figure 5.82.mTwelve PdCr gages on IN100---cycle 3 (900 °F; 482 °C).
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Figure 5.83.--Twelve PdCr gages on IN100--.cycle 4 (1050 °F; 565 °C).
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Figure 5,84.--Twelve PdCr gages on IN100--cycle 5 (1200 °F; 648 °(3).
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Figure 5.85.mTwelve PdCr gages on IN100_cycle 6 (1350 °F; 732 °C).

160



Strain
Due to Ddft

(_in/in)

I I I

2000 "-1.......................................... _.....................;....................................................................................i....................i....

/
1500 -

m

_JO'i..... Tesled@LaRC l.....................i....................i.....................i....................i....................i......

Tested@DFRC J i i i . i.. ! ....
10 O0 -- AverageStrain I.... i i :. i i

UpperConfidence Limit ] ! i i i i
500 - LowerConfidenceLimit i.....................!....................!.....................! ................... i ....................i......

o- _---_ ...._'-.-'-._.----.----_----'x-.-_--_:-_-.:___ _ _ ........._....................._....................i......
__"-_"_'--__, i . _" '-' -_- - z,- -_- io _ , : : -i ..............._.-.)-.-__

-_oo-, ....................:::_::.;.......a _ a _ A _ _ _
- I 000 ............................................................................................................ _..............................................................._......

-1 500 ................... -=......................................................................................................................................................i......

18 Gages failed !
i

-2000 ....................... i....................._.............................................................................................................................._......
/ i

0 30 60 90 120 150 180 210 240

Time (rain)

Figure 5.86.DTwelve PdOr gages on IN100---cycle 7 (1500 °F; 482 °C).
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Figure 5.87.--Twelve DETCBCL gages on IN100_cycle I (600 °F; 315 °C).
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Figure 5.88.mTwelve DETCBCL gages on INI O0---cycle 2 (750 °F; 398 °C).

162



2OOO

1500-

1000-

5OO

Strain

Due to Drift 0-
(lain/in)

-500

-1000

I I I

-_............................................i....................i...............................................................i................................................

.......... __!. Tested@DFRCTested@Tested@LaRCUpperConfidenceLimitAverageStrainLeRC Illll............................ )___: ..................... _ _ ___:.................... _:____.................... _:____.................... _)))) ..... I

..... " .... LowerConfidencel imit I.....................i....................i.....................L...................._....................i....

_ _ _" .........6............................................................._...................._....................._.....................F...................._....

__ ..............,..................,_,_ ....
[] "'_'....... _ L i " , i! [] _ ""i..........i.........i.... i i i

...................."...................'=......._......_'......."......._......._.......i_......._......._.......m.......;_ . _,
• ................... : ............................................................... _................................................................................... _......

J t i
0 30 60 90 120 150 180 2 0 240

Time (min)

Figure 5.89.--Twelve DETCBCL gages on IN100--cycle 3 (900 °F; 482 °C).
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Figure 5.90.--Twelve DETCBCL gages on IN100_cycle 4 (1050 °F; 565 °C).
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Figure 5.91 .--Twelve DETCBCL gages on IN100_cycle 5 (1200 °F; 648 °C).

Strain
Due to Drift

(pin/in)

I . . I I
2000 -

A Tested@ LeRC

I-I Tested@DFRC

1000 - - - - UpperConfidenceLimit ......................................................................................................... _-....

..... LowerConfidenceLimit :

500- _ AverageStrain .......................................................................................................... i......

- 1000 .......................................................................................................................................................i ...........................

-1500 ............ ! ..........................................................

-2000 .......................+..........................................................................................................................................................
/

0 30 60 90 120 150 180 2 0 240

Time (rain)

Figure 5.92.mTwelve DETCBCL gages on IN100---cycle 6 (1350 °F; 732 °C).
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Figure 5.93.--Twelve DETCBCL gages on IN100--cycle 7 (1500 °F; 816 °C).
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Figure 5.94.--Twelve CKA1 gages on TM_cle 1 (600 °F; 315 °(3).
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Figure 5.g5.DTwelve CKA1 gages on TMC--eycle 2 (750 °F; 398 °C).
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Figure 5.96.--Twelve CKA1 gages on TMC_cycle 3 (900 °F; 482 °C).
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Figure 5.97.mTwelve CKA1 gages on TMC--cycle 4 (1050 °F; 565 °C).
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Figum5.98.--Twe_eCKAlgag_ on TMC---cycle5_0°F;648°_.
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Figure 5.99.--Twelve CKA1 gages on TMC--cycle 6 (1350 °F; 732 °C).
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Figure 5.100.--Twelve CKA1 gages on TMC--cycle 7 (1500 °F; 816 °C).
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Figure 5.101 .--Twelve PdCr gages on TMC--cycle I (600 °F; 315 °C).
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Figure5.102.mTwelvePdCrgag_ on TM_cle2_50°F;3_ °C).
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Figu_ 5.103.mTwelve PdCr gages on TMC--cycle 3 (900 °F; _2 °C).

Strain
Due to Drift

(IJin/in)

I I II I I ....
2ooo

__ ....................._...................._...................._....................._...................._...................._....................._....................'=F
I I
-I I A Tested@LeRC i ! ............. i ................... 1--

15oo/TI [] T,,,ted@Dmc ! .....................!.................._ _ _ /
__1_I - - UpperConfidenceLimit i ! :, i I

1000 i"l .... LowerConfidenceLimit -j .....................'_....................i ...................".....................!....................i.,.-,t--

i I_ AverageStrain

500 .......................................... _.....................................................................................................................................

o - _:.----=-_-_-__-_- A-_A _ ,Lc_Az__A__ _&- _-_--_' " -

_---,,---_---u--. _..._..._..._....g...l_...l_...l_..._..._... _
' : : _ O. O-500 " .....................i ....................i..............

i

-I000 ..............................................................................................................................._..........................................!......

-1500 ........................_ ........................................ !.....

-2000 .......................................... _..............................................................................................................................i--.-:-
I I

0 30 60 90 120 150 180 210 240

Time (min)

Figure 5.104.mTwelve PdCr gages on TMC--cycle 4 (1050 °F; 565 °C).
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Figure 5.105.--Twelve PdCr gages on TMC---cycle 5 (1200 °F; 648 °C).
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Figure 5.106.--Twelve PdCr gages on TMC---cycle 6 (1350 °F; 732 °C).
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Figure5.107.--TwelvePdCrgag_ on TMC--c_Ie70_0OF;816o_.
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Figu_ 5.108.--TwelveDETGBCLgag_ on TMC---cyclel(600°F;315°C) •
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Figu_ 5.109.--Twelve DETCBCL gages on TMC--cycle 2 _50 °F; 3_ °C).
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Figure5.110.--TwelveDETCBCLgagesonTMC--.cycle3_00OF;_2o_.
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Figure 5.111 .--Twelve DETCBCL gages on TMC--cycle 4 (1050 °F; 565 °C).
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Figure5.112.--TwelveDETCBCLgages on TMC--cycle5(12_ °F;648°C).
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Figure 5.113.--Twelve DETCBCL gages on TMC--cycle 6 (1350 OF;732 °C).
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Figure 5.114.--Twelve DETCBCL gages on TMC_cycle 7 (1500 °F; 816°C).
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5.3 Gage Factor Data

Figures 5.115 to 5.186 plot gage factor versus temperature for

each of the three gages. There are 12 figures for each type of gage

attached to either IN 100 or [3-21S TMC. Each figure represents a

temperature heating cycle for gages under tension or compression

as defined in the test plan. Unless a failure occurred, all 12 gages

of a particular type are shown on the plots for tension, and all 8

gages of a particular type are shown on the plots for compression.

No compression data were available from Langley, since Langley

had their load bars placed under tension only. Then only surviving

gages are shown. Also shown on each figure are the average values for

the surviving gages and the upper and lower 95% confidence limits.

A list of the gage factor figures is given in table 5.15.

Tables 5.16 to 5.27 tabulate the coefficients of the gage-factor-

versus-temperature equation for each of the three gages. The

equation is derived from polynomial curve fitting of the average
curves shown in figures 5.115 to 5.186. There is an equation for

each type of gage for each particular cycle during heating or

cooling under tension or compression.

TABLE 5.15--FIGURES FOR GAGE FACTOR

Figure

5.115

5.116

5.117

5.118

5.119

5.120

5.121

5.122

5.123

5.124

5.125

5.126

Gage type

CKA1

CKAI

CKAI

CKAI

CKAI

CKA1

CKA1

CKA1

CKAI

CKA1

CKA1

CKA1

Substrate

material

INI00

INI00

INI00

IN100

INI00

INI00

INI00

IN100

IN100

IN100

IN100

IN100

5.127

5.128

5.129

5.130

5.131

5.132

5.133

5.134

5.135

5,136

5.137

5.138

PdCr IN 100

PdCr INI00

PdCr IN 100

PdCr INI00

PdCr INI00

PdCr IN100

PdCr IN 100

PdCr IN 100

PdCr IN100

PdCr IN100

PdCr IN100

PdCr INIO0

5.139

5.140

5.141

5.142

5.143

5.144

5.145

5.146

5.147

5.148

5.149

5.150

5.151

5.152

5.153

5.154

5.155

5.156

5.157

5.158

5.159

5.160

5.161

5.162

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

CKA1

CKA1

CKA1

CKA1

CKA1

CKAI

CKA1

CKAI

CKA1

CKA1

CKA1

CKA1

IN100

INI00

INI00

IN100

IN100

INI00

INI00

INI00

IN100

IN100

IN100

IN100

TMC

TMC

TMC

TMC

TMC

TMC

TMC

TMC

TMC

TMC

TMC

Cyc_ Test

_rnlmamre
oF oC

1 1200 650

1 1200 650

4 1200 650

4 1200 650

5 1350 730

5 1350 730

6 1350 730

6 1350 730

7 1500 815

7 1500 815

8 1500 815

8 1500 815

1 1200 650

1 1200 650

4 1200 650

4 1200 650

5 1350 730

5 1350 730

6 1350 730

6 1350 730

7 1500 815

7 1500 815

8 1500 815

8 1500 815

1 1200 650

1 1200 650

4 1200 650

4 1200 650

5 1350 730

5 1350 730

6 1350

6 1350

7 1500

7 1500

8 1500

8 1500

1 1200

1 1200

4 1200

4 1200

5 1350

5 1350

6 1350

6 1350

7 1500

7 1500

8 1500

8 1500

Load

mode

Tension

Compression

Tension

Compression

Tension

Compression

Tension

Compression

Tension

Compression
Tension

Compression

Tension

Compression

Tension

Compression

Tension

Compression

Tension

Compression

Tension

Compression

Tension

Compression
Tension

Compression

Tension

Compression
Tension

Compression

730 Tension

730 Compression
815 Tension

815 Compression

815 Tension

815 Compression

650 Tension

650 Compression
650 Tension

650 Compression

730 Tension

730 Compression

730 Tension

730 Compression

815 Tension

815 Compression

815 Tension

815 Compression
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TABLE 5.15_Concluded.

Figure

5.163

5.164

5.165

5.166

5.167

5.168

5.169

5.170

5.171

5.172

5.173

5.174

5.175

5.176

5.177

5.178

5.179

5.180

5.181

5.182

5.183

5.184

5.185

5.186

Gage type

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

PdCr

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

DETCBCL

Substrate Cycle Test

matefi_ temperature
oF oC

TMC 1 1200 650

TMC 1 1200 650

TMC 4 1200 650

TMC 4 1200 650

TMC 5 1350 730

TMC 5 1350 730

TMC 6 1350 730

TMC 6 1350 730

TMC 7 1500 815

TMC 7 1500 815

TMC 8 1500 815

TMC 8 1500 815

TMC I 1200 650

TMC 1 1200 650

TMC 4 1200 650

TMC 4 1200 650

TMC 5 1350 730

TMC 5 1350 730

q'MC 6 1350 730

TMC 6 1350 730

TMC 7 1500 815

TMC 7 1500 815

TMC 8 1500 815

TMC 8 1500 815

Load

mode

Tension

Compression

Tension

Compression

Tension

Compression
Tension

Compression

Tension

Compression
Tension

Compression

Tension

Compression

Tension

Compression

Tension

Compression

Tension

Compression
Tension

Compression

Tension

Compression

TABLE 5.16.--GAGE-FACTOR-VERS US-TEMPERATURE

EQUATION FOR CKA1 GAGE ON INI00 UNDER TENSION

[GF(T) = %+ alxT + a2XT 2 + a3×T3. ]

Cycle [ a 0 a 2 a 3

1 2.475

4 2.526

5 2.368

6 2.367

7 2.380

8 2.276

[ al ]
Heating

-3.095x10 -4 6.068x10 -7

3.049><10 _ -1.074×10 -6

1.125x10 -3 -2.527x 10-6

1.099x10 -3 -2.652x 10-6

6.185x10 -4 -1.979x10-6

9.073x10 _ -2.303xl 0-6

Cooling

2.531 --.4.883x 10 -4 6.443x10 -7

2.369 6.837x10 -5 _7.413x10 -7

2.383 9.193x10 -4 -2.316><10--6

2.376 6.208x10 -4 -1.974x10-6

2.316 3.550><10 -4 -1.383x10-6

2.362 2.134><10 -4 -1.359>(10-6

-6.221x10 -t0

2.683x10 -L°

1.014><10 _

1.130x10 -9

8.721x10 -I°

9.631x10 -lo

-5.598x10 -l°

2.542x10 -Io

9.658x10 -Io

8.907x10 -l°

6.078x10 -1°

6.195x10 -10

TABLE 5.17.--GAGE-FACTOR-VERSUS-TEMPERATURE EQUATION

FOR CKA1 GAGE ON IN100 UNDER COMPRESSION

[GF(T) =%+ al×T+ a2xT2 + a3xT3.]

Cyclel a0 I a, I a2
Heating

1 2.610 -5.191x10 _ 4.251x10 -7

4 2.404 2.302x10 _ -7.904×10 -7

5 2.283 9.106><10 _ -2.076><10 -6

6 2.205 1.194><10 -3 -2.563xl 0-6

7 2.198 1.075x10 -3 -2.465x I 0-6

8 2.350 5.001x10 _ -1.875x10 -6

Cooling

1 2.395 1.627x10 -4 -5.901x10 7

4 2.342 -5.594x10 -5 -2.450>(10 -7

5 2.248 6.912x10 _ -1.682xl 0-6

6 2.228 7.865x10 -4 -2.03 lxl 0-6

7 2.297 8.185x10 _ -2.362x10-6

8 2.335 3.855x10 4 -1.655x10-6

a 3

-4.936x10 -10

1A57x10 l0

7.987x10 -t0

1.048x10 -9

1.031×10 -9

7.975x10 -t°

9.483x10 -12

-1.032x10 l0

6.437x10 -10

8.705x10 -I°

1.040x10 _

7.064x10 ]0
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TABLE 5.18.---GAGE-FACTOR-VERSUS-TEMPERATURE EQUATION

FOR PdCr GAGE ON INI00 UNDER TENSION

[GF(T) = a ° + alx T + a 2 xT 2 + a3×T/.]

Cycle I a° I

1 1.543

4 1.524

5 1.402

6 1.451

7 1.414

8 1.336

a t a 2

Heatin[
1.310x10 -3 -2.488x10 "s

7.480x10 q -1.866x10 _

2.916×10 -4 -8.86.2x10 -7

2.742x10 -5 -3.756x10 -7

3.167x 10 -4 -9.947x ! 0 -7

5.813x10-4 -1.146)<10 -'6

Coolin_
1 1.443 7.554x10-4 -1.7760<10 m

2 1.414 5.060x10-4 9.267x10 -7

5 1.338 1.002x10 -3 -1.895x10 _

6 1.428 4.780x10 -5 -2.945x10 -7

7 1.351 4.324x10-4 -8.737x10 -7

8 1.331 1.442x10 -4 -4.120><10 -7

-1.106:)<10 -9

8.965x10 -1o

4.269x10 -lo

1.543x10 -j°

4.684x10 -lo

4.756×10 -1°

9.707)<10 -lo

3.436x10 -1o

8.069x10 -to

8.833x10 -tl

3.711x10 -Io

1.809x10 -l°

TABLE 5.19.--GAGE-FACTOR-VERSUS-TEMPERATURE EQUATION

FOR PdCr GAGE ON IN100 UNDER COMPRESSION

[GF(T) =% + alX T+ a 2 x7 "a + a3xT_ ]

Cycle[ a° I aj a 2 a3

Heatin_
1 1.622 -4.934x10-4 7.710x10 _

4 1.549 6.566x10-4 -1.518x10 m

5 1.408 4.748x10-4 -1.152x104i

6 1.406 7.958x10-4 -1.571x10 -6

7 1.400 1.431x10-4 -5.284:)<10 -7

8 1.485 9.918)<10 -5 -5.838x10 -7

Coolin_
1.551

1.464

1.425

1.416

1.489

1.477

9.347x10-4 -2.124;)<10 _

3.821x10-4 -9.886x10 -7

4.877x10-4 -1.183x10 -6

4.338x10 _ -1.123x10 -6

- 1.023x 10-4 -2.067x 10 -7

2.011x10-4 -5.932x10 -7

_..742x10 -1o

6.115x10 -1°

5.026:,<10 -lo

6.328x10 -Io

2.348x10 -Io

2.727x10 -Io

l.O00xlO -9

4.142x10 1o

5.148x10 -1o

4.984x10 -lo

1.009xlO -1°

2.335x10 -l°

TABLE 5.2(_43AGE-FACTOR-VERSUS-TEMPERATURE EQUATION

FOR DETCBCL GAGE ON INI00 UNDER TENSION

[GF(T) =a 0 + alx T+ a 2 xT _ + a3xTJ.]

Cycle a o a I

Heatin

1 2.001 3.666x10-4

4 1.8296 8.528x10-4

5 1.7900 8.550x10-4

6 1.6567 1.095x10 -3

7 1.6567 1.067x10 -3

8 1.5340 1.376><10 -3

Coolin

1 t .7446 1.296x10 -3

2 1.8232 7.853x10 _

5 1.7050 1.533x10 -3

6 1.7078 9.085x10 -4

7 1.6975 1.440x 10-4

8 1.6873 9.724x10 -5

a2 I a3

-1.8390)<10 -7

-1.5192x10 _5

-1.8348x10 _

-2.2133x10 _s

-2.2736x10 m

-2.8917x10 -6

_3.329)<10 -lo

5.1209x10 -l°

7.7665x10 -1°

9.5722x10 -to

1.0075x10 -9

1.2803x109°

-2.2595x10 _

-1.9741x10 _

-3.2409x10 _

-2.2269x10 _

-1.1771x10 m

-1.1704x104'

9.7580x10 -1°

9.7269x 10-1°

1.5165x10 -9

1.0791x10 -ll

7.1562x10 -1o

7.0712×10 -10

TABLE 5.21.---GAGE-FACTOR-VERSUS-TEMPERATURE EQUATION

FOR DETCBCL GAGE ON INI00 UNDER COMPRESSION

Cycle [ a o

2.0498

2.0800

1.9860

1.9003

1.8923

1.8191

2.0052

2.0068

1.9055

1.8579

1.8210

1.7982

[GF(T) = a o + alX T + a 2 xT 2 + a3xT_.l

a 1 a 2

Heatin_
1.447x10-4 -8.2415x10 -7

_l.016x10 -3 1.0060xlO 4i

-3.733x I0-4 -7.5932x10 -8

-1.804x10-4 --4.1974xl 0 -7

-1.288x10-4 -6.1983x10 -7

-2.789x 10-4 -5.3994x10 -7

Coolin_
-2.1579×10-4 -3.0253x10 -7

--6.4115x10 "4 4.4255x10 -7

_5.8109x10 -5 -7.0805x10 -7

_1.1813x10 -5 -7.3070)<10 -7

-6.2049:)<10 -4 4.0729x10 -g

-7.3916x10-4 2.2393x10 -7

a 3

3.5111x10 -l°

--4.1136x10 -1°

9.1069X10 -H

2.5117x10 -Io

3.6517x10 -1°

3.5985x10 -t°

1.9203x10 -1°

-1.6176x10 -1°

4.1964x10 -1o

4.0604x10 -lo

1.6660x I 0 -10

6.4192x10 -11
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TABLE5.22.---GAGE-FACTOR-VERSUS-TEMPERATUREEQUATION
FORCKAIGAGEONTMCUNDERTENSION

[GF(T)=a o + alX T + a 2 xT 2 + a3xT_. ]

Cycle a o a I

2.532

2.120

2.065

2.207

2.166

2.377

Heating
3.094)< 10 _"

1.710x10 -3

2.395x10 -3

2.083x10 3

2.777x10 -3

8.754x10-4

Cooling
1 2.294 -7.010x 10 4

2 2.229 1.331x10-4

5 2.297 4.963x 10-4

6 2.194 1.167x10 -3

7 2.218 1.255x10 -3

8 2.341 2.140x10 _

a 2 a 3

-3.476x10 -7

-1.982x 10-6

-3.461x 10-6

-3.293x 10 -6

_..554×10 -6

-1.318xi0-6

1.536×10-6

2.230>(10 -7

-9.029>:10 7

-1.848x10-6

-2.o92xlO-6
-5.915×10 -7

-1.896x10 -1°

4.062x10 lo

1.215x10 -9

1.196×10 -9

1.787x10 -9

2.808×10 -1o

-9.114x10 -1°

-3.923x10 -1°

2.723x10 -1o

6.339><10 -_o

7.997x10 -1o

8.657x10 -tl

TABLE 5.23.---GAGE-FACTOR-VERSUS-TEMPERATURE EQUATION

FOR CKA1 GAGE ON TMC UNDER COMPRESSION

[GF(T) =% + alX T+ a 2 ×T 2 + a3x/4]

Cycle a o a I

2.755

2.296

2.282

2.354

2.368

2.702

2.526

2.392

2.320

2.310

2.439

2.457

Heatin_
-1.814x10 -3

1.606x 10 -3

1.579x10 -3

7.333x10 -a

7.382x10-4

-1.5709<10 -3

Cooling
-1.936x10 -3

- 1.246>: 10 -4

9.226×10-4

1.418x10 3

6.746x 10 4

5.703x10 -4

a 2 a 3

2.805x 10-6

-2.940x 10-6

2.830x10-6

-1.445xl 0-6

- 1.470';< 10-6

1.589× 10-6

4.077×10-6

4.696x10 _

-1.707x10 _

-2.752x10 _

-1.460x10 _

-1.330x10 _

-1.571x10 _

1.099:,<10 -9

1.005x10 -9

4.170x10 -Io

4.215x10 -I°

-6.970><10 -Io

-2.426x10 -9

_6.195x10 -Io

5.042x10 -Io

1.021x10 -II

4.184x10 -1°

3.654x10 -I°

TABLE 5.24.---GAGE-FACTOR-VERSUS-TEMPERATURE EQUATION

FOR PdCr GAGE ON TMC UNDER TENSION

[GF(T) =% + alX T+ a 2 xT 2 + a3xT(]

Cycle[ a 0 ] a I a 2 a 3

Heating
1 1.657 2.713x10-4 -9.198x10 -7

4 1.633 1.653x10-4 -8.860x10 -7

5 1.516 1.675x10 -3 -3.692x10 -6

6 1.492 1.850x10 3 _3.922x10 _,

7 1.658 2.786>(10 _ -1.334x10 -8

8 1.501 2.259x10 -3 -4.297x10 _5

1 1.701

2 1.596

5 1.497

6 1.559

7 1.641

8 1.609

Cooling
-4.542x10 -_ -4.678x10 -7

3.165x10 -4 -t.002x10 -6

2.195x10 _ --4.576x 10-6

1.795x10 -a -3.867x10 _

9.093xI0 -4 -1.850x10-6

2.042x10 -_ -4.122x10 -6

4.339x10 -I°

4.931x10 to

1.894><10 -9

1.959x10 -9

9.420X10 -11

1.978X10 -9

2.557x10 -lo

5.082x10 -lo

2.273X10 -9

1.923x10 9

7.828x10 -l°

1.938×10 -9

TABLE 5.25._GAGE-FACTOR-VERSUS-TEMPERATURE EQUATION

FOR PdCr GAGE ON TMC UNDER COMPRESSION

[GF(T) =a 0 + alx T+ a 2 x72 + a xT ¢ ]

Cycle a o a 1

1.637

1.661

1.650

1.637

1.476

1.574

1.678

1.681

1.598

1.626

1.428

1.596

Heating
2.155x10 -3

2.613x10 -4

1.961x10 -4

2.238x10 -4

2.345x10 -3

2.170>(10 -3

Cooling
9.347x10 _

3.821x10 _

4.877x10 -5

4.338x10 5

-1.023x10 -3

2.011x10 -3

a 2 a 3

_.727x I 0 r

1.026x I 0 _

_fi.744x I (1 _

-7.501x10 "

-4.656x I(1_'

-4.183x111 _

6.(]1{1×1() "

9.110xlO "

--4.737×10 "

-5.492x1(I"

-5.672xl0 _

-3.3t3x10 _

1.814x10 -1°

-1.463x10 -]0

1.971×10 -I°

2.530x10 -1°

2.127x10 9

1.827x10 9

_3.964x10 -Io

-5.185×10 -1°

1.548×10 -I°

1.785x10 -_°

2.524x 10 -9

1.477× 10_
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TABLE 5.26-43AGE-FACTOR-VERSUS-TEMPERATURE EQUATION

FOR DETCBCL GAGE ON TMC UNDER TENSION

[GF(T) = a 0 + alX T + a 2 xT 2 + aBxT_.]

Cycle a o a I

Heatin_
1 2.121 1.257x10 -3

4 2.013 7.306x10 _

5 2.051 5.165x10 -4

6 1.955 1.240x10 -3

7 2.048 2.658x10 -4

8 2.048 1.352x10 -3

a2 I a3

-2.016><10 -6

-1.782x10 _

-1.739x10 -6

-2.851x10 -6

-1.568x10 -6

-3.308x104i

7.771x10 -1°

9.053x10 -l°

1.004.x10 -9

1.481x10 -9

l.l13x109

1.809x10 -9

Cooling:

2.021 6.961x10 _ -1.368x10 -6

1.998 7.782x10 -4 -1.356:,<10 _

1.874 1.916x10 -3 -3.239><10 -6

1.936 1.338x10 -3 -2.292x10 _

2.000 1.527x10 3 _2.949x10 _

1.943 2.527x10 -3 -4.554x10 _

6.996x10 -to

5.179x10 -to

1.412x10 -9

1.010xl0 _9

1.466x10 -9

2.148x10 -9

TABLE 5.27---GAGE-FACTOR-VERSUS-TEMPERATURE EQUATION

FOR DETCBCL GAGE ON TMC UNDER COMPRESSION

[GF(T) = a o + alX T + a 2 xT 2 + a3XT_.]

Cycle a o a I

Heatin[
1 2.155 2.927x10 -4

4 2.348 -2.287x10 -3

5 2.249 -7.114:,<10 _

6 2.367 -1.724:,<10 -3

7 2.305 1.605x 10 4

8 2.396 -9.409x10 _

Cooling:

1 2.126 7.513x10 -4

2 2.025 2.980x10 -3

5 2.056 2.367x10 -3

6 2.106 1.953x10 -3

7 2.406 --6.530x10 _1

8 2.389 -1.729xl0 -4

a 2 a 3

1.471x10 -6

3.801x10 _

9.508x10 _

2.278x10 m

-9.796x10 _

8.931x10 -7

-2.031x10 m

-7.221x10 -6

-5.332xl0 -6

-4.641x!0 _

-5.857×10 4

-1.195x10 _

-1.104x10 _

-1.860x10 -9

-4.962x10 -1o

_9.653x10 -Io

4.825x10 -1o

-3.084x10 -l°

1.095x10 _9

3.873x10 -9

2.565x 10 -9

2.265x10 -9

2.172x10 -lo

7.745x10 -1°
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Figure 5.115.--Twelve CKA1 gages on IN100 under tension--cycle 1. heating to 1200 °F (648 °C).
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Figure 5.116.--Eight CKA1 gages on IN100 under compression---cycle 1 heating to 1200 °F (648 °C).
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Figure 5.117.--Twelve CKA1 gages on IN100 under tension--cycle 4 heating to 1200 °F (648 °C).
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Figure 5.118.---Eight CKA1 gages on IN100 under compression---cycle 4 heating to 1200 °F (648 °C).
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Figure 5.119.--Twelve CKA1 gages on IN100 under tension-cycle 5 heating to 1350 °F (732 °C).

GF

Temperature (°C)

0 100 200 300 400 500

I I I I I
3.0 _- ................ r ................

................,;,........................................................,i-1°o
2.6_ o

-_ ............_.................................................. I ....

600 700

I I

LeRC test data

Average
95_¢CL

2.4

2.2

2.0

1.8

1.6

i ....... _ .... "°" i

: : "_ L.,.%

i "El i i ..... _ " .: _ i

•" ....... *",............ !...... "---. ,! " _""" . _ :" 0 i.,

: ............_ ,--_.._-m__-__-.=_._-__.,z_. , : IZr :,
i i i i i-"-G_ _ O".... _ ........ !I
- .......__.__ ............_ i_

.-__ ........., --

, : . _ : ,.. _:_ •

..................... "................... "_..................... L .................... : ................. =---:...........n _ "" ..................._ _..=-

0 200 400 600 800 1000 1200 1 400

Temperature (°F)

Figure5.120.--Eight CKA1gageson IN100undercompression--cycle5 heatingto 1350 °F (732 °C).
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Figure 5.121 .--Twelve CKA1 gages on IN100 under tension---cycle 6 heating to 1350 °F (732 °C),
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Figure 5.122.---Eight CKA1 gages on IN100 under compression--cycle 6 heating to 1350 °F (732 °C).
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Figure 5.123.--Twelve CKA1 gages on IN100 under tension---cycle 7 heating to 1500 °F (816 °C).
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Figure 5.124.--Eight CKA1 gages on IN100 under compression--cycle 7 heating to 1500 °F (816 °C).
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Figure 5.125.--Twelve CKA1 gages on IN100 under tension--cycle 8 heating to 1500 °F (816 °C).
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Figure 5.126.--Eight CKA1 gages on INIO0 under compression--cycle 8 heating to 1500 °F (816 °C).
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Figure 5.127.--Twelve PdCr gages on IN1O0 under tension--cycle I heating to 1200 °F (648 °C).
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Figure 5.128.--Eight PdCr gages on IN1O0 under compression---cycle I heating to 1200 °F (648 °C).
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Figure 5.129.--Twelve PdCr gages on IN100 under tension--cycle 4 heating to 1200 °F (648 °C).
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Figure 5.130.--Eight PdCr gages on IN1 O0 under compression--cycle 4 heating to 1200 °F (648 °C).
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Figure 5.131 .--Twelve PdCr gages on IN100 under tension---cycle 5 heating to 1350 °F (732 °C).
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Figure 5.132.IEight PdCr gages on IN100 under compression--cycle 5 heating to 1350 °F (732 °C).
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Figure 5.133.--Twelve PdCr gages on IN100 under tension_cycle 6 heating to 1350 °F (732 °C).
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Figure 5.134.--Eight PdCr gages on IN100 under compression---cycle 6 heating to 1350 °F (732 °C).
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Figure 5.135.DTwelve PdCr gages on IN100 under tension--cycle 7 heating to 1500 °F (816 °C).
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Figure 5.136.--Eight PdCr gages on IN100 under compression--cycle 7 heating to 1500 °F (816 °C).
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Figure 5.137.--Twelve PdCr gages on IN10O under tension--cycle 8 heating to 1500 °F (816 °C).
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Figure 5,138.--Eight PdCr gages on IN100 under compression--cycle 8 heating to 1500 °F (816 °C).
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Figure 5.139.--Twelve DETCBCL gages on IN100 under tension--cycle I heating to 1200 °F (648 °C).
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Figure 5.140.--Eight DETCBCL gages on IN100 under compression--cycle I heating to 1200 °F (648 °C).
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Figure5.141.--Twelve DETCBCLgagesonIN100undertension--cycle4 heatingto 1200°F (648°C).
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Figure5.142.--Eight DETCBCLgageson IN100undercompression--cycle4 heatingto 1200 °F (648°C).
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Figure 5.143.mTwelve DETCBCL gages on IN100 under tension_cycle 5 heating to 1350 °F (732 °C).
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Figure 5.144.--Eight DETCBCL gages on IN100 under compression---cycle 5 heating to 1350 °F (732 °C).
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Figure 5.145.mTwelve DETCBCL gages on IN100 under tension_cycle 6 heating to 1350 °F (732 °C).
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Figure 5.146._Eight DETCBCL gages on IN100 under compression--cycle 6 heating to 1350 °F (732 °C).
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Figure 5.147.--Twelve DETCBCL gages on IN100 under tension_cycle 7 heating to 1500 °F (816 °C).

Temperature (°C)

0 1O0 200 300 400 500 600 700 800

I I I I I I I I

_.__....................................i..................i......................................._...
'! i lOne gage failed Ii_ I o ........_-RC-te'st"d'ata"i"...............

...... L" , '! _ 0 LeRCtestdataJ
z.2_ ........... i...............t .................T.................7............i-- Aver.ge I.............

i __, i ! i ! | .... 95_ CL I
2.o --o-""" i-_-.-:...........{...................._.................._....................!..................,:...................'-...............

1.6 - ................._-_-::-:........[-................_ .........................-.............:.-.:.....:-..........t ......o ......

1.4 i ...... "'_ .... ._---e'-" :-. 0 _ _ "_:;_ .........

1.2 :.................... :

,.o_....................................i..................i...................i......................................i..................i..................:
0 200 400 600 800 1000 1200 1400 1600

Temperature (°F)

Figure 5.148.--Eight DETCBCL gages on IN100 under compression---cycle 7 heating to 1500 °F (816 °C).

199



GF

2.4

2.2

2.0

1.8

1.6

1.4

1.2

Temperature (°C)

0 1O0 200 300 400 500

I I I I I

600 700 800

I I I

DFRC test data I ...............

LeRC test data I

LaRC test data I

Average I.......
95_CL I

..............................i ................_.............................._..................i...............................

..... "...........i _........ *.................' '............+-_---i-_-:-_ .... i o i i i i ,,_
i __-i:..., i _. i ........ -..... .A_,t,.:_.......
: __'Z--_--- #-.;. ; A _ = .,,#,

T__ _'.. _ _ --_ i,,'o

i __.'...e...._... _ a , .@
.................4............................ _................÷......o .....8-:_-" -'k"-'-" .....................

i ! i i o 8 o
i :. ! =. . :.i

1.0 _................._.....................................!..................._....................................._....................................."-
i I I I
O 200 400 600 800 1OO0 1200 1400 1600

Temp_a_re(°F)

Figure 5.149.--Twelve DETCBCL gages on IN100 under tension--cycle 8 heating to 1500 °F (816 °C).
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Figure 5.150.---Eight DETCBCL gages on IN100 under compression_cycle 8 heating to 1500 °F (816 °C).
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Figure5.151.---TwelveCKA1 gagesonTMC undertension_cycle I heatingto 1200 °F (648°C).
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Figure5.152.--Eight CKA1 gagesonTMC undercompression---cycleI heatingto 1200 °F (648 °C).
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Figure 5.153._Twelve CKA1 gages on TMC under tension_cycle 4 heating to 1200 °F (648 °C).
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Figure 5.154._Eight CKA1 gages on TMC under compression_cycle 4 heating to 1200 °F (648 °C).
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Figure 5.155.--Twelve CKA1 gages on TMC under tension--cycle 5 heating to 1350 OF (732 °C).
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Figure 5.156._Eight CKA1 gages on TMC under compression---cycle 5 heating to 1350 °F (732 °C).
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Figure 5.157.--Twelve CKA1 gages on TMC under tension--cycle 6 heating to 1350 °F (732 °C).
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Figure 5.158._Eight CKA1 gages on TMC under compression--cycle 6 heating to 1350 °F (732 °C).
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Figure 5.159.--Twelve CKA1 gages on TMC under tension--cycle 7 heating to 1500 °F (816 °C).
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Figure 5.160._Eight CKA1 gages on TMC under compression_cycle 7 heating to 1500 °F (816 °C).
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Figure 5.161 .--Twelve CKA1 gages on TMC under tension---cycle 8 heating to 1500 °F (816 °C).
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Figure 5.162.--Eight CKA1 gages on TMC under compressionl-Cycle 8 heating to 1500 °F (816 °C).
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Figure 5.163.uTwelve PdCr gages on TMC under tension--_ycle I heating to 1200 °F (648 °C).
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Figure 5.164.--Eight PdCr gages on TMC under compression---cycle I heating to 1200 °F (648 °C).
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Figure 5.165.--Twelve PdCr gages on TMC under tension---cycle 4 heating to 1200 °F (648 °C).
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Figure 5.166.--Eight PdCr gages on TMC under compression---cycle 4 heating to 1200 °F (648 °C).
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Figure 5,167.mTwelve PdCr gages on TMC under tension--cycle 5 heating to 1350 °F (732 °C).
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Figure 5.168.--Eight PdCr gages on TMC under compression--cycle 5 heating to 1350 °F (732 °C).
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Figure 5.169,mTwelve PdCr gages on TMC under tension--cycle 6 heating to 1350 °F (732 °C).
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Figure 5.170._ight PdCr gages on TMC under compression--cycle 6 heating to 1350 °F (732 °C).
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Figure 5.171 .--Twelve PdCr gages on TMC under tension--cycle 7 heating to 1500 °F (816 °C).
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Figure 5.172._Eight PdCr gages on TMC under compressior_cycle 7 heating to 1500 °F (816 °C).
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Figure 5.173.--Twelve PdCr gages on TMC under tension---cycle 8 heating to 1500 °F (816 °C).
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Figure 5.174.--Eight PdCr gages on TMC under compression--cycle 8 heating to 1500 °F (816 °C).
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Figure 5.175.--Twelve DETCBCL gages on TMC under tension_cycle I heating to 1200 °F (648 °C).
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Figure 5.176._Eight DETCBCL gages on TMC under compression--cycle I heating to 1200 °F (648 °C).
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Figure 5.179.ETwelve DETCBCL gages on TMC under tension--cycle 5 heating to 1350 °F (732 °C).
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Figure 5.180.EEight DETCBCL gages on TMC under compressier_--_ycle 5 heating to 1350 °F (732 °C).
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Figure 5.181 .--Twelve DETCBCL gages on TMC under tensior_--cycle 6 heating to 1350 °F (732 °C).
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Figure 5.182.--Eight DETCBCL gages on TMC under compression--cycle 6 heating to 1350 °F (732 °C).
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Figure 5.183.--Twelve DETCBCL gages on TMC under tension---cycle 7 heating to 1500 °F (816 °C).
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Figure 5.184.--Eight DETCBCL gages on TMC under cornpression--cycle 7 heating to 1500 °F (816 °C).
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Figure 5.185._Twelve DETCBCL gages on TMC under tension--cycle 8 heating to 1500 °F (816 °C).
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Figure 5.186.---Eight DETCBCL gages on TMC under compression---cycle 8 heating to 1500 °F (816 °C).
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5.4 Figure-of-Merit Determinations

Tables 5.28 to 5.3 1 show the figures of merit determined for

each of the parameters as described in section 2.3. Each table

contains rows for the various characteristics associated with the

parameter and for each cycle or temperature. Each table con-

tains columns of figure-of-merit values for all three gage types

tested on both INl00 and [3-21S TMC.

TABLE 5.28.---GWP29 FIGURES OF MERIT FOR APPARENT STRAIN

Characteristic Cycle Gage type on INI00 Gage type on 13-21S TMC

Seater

Magnitude

CKA1 Pdfr DETCBCL CKA1 PdCr DETCBCL

C1HU 1.00 0.48 0.95 0.84 0.17 1.00

C 1CD 0.41 0.47 1.00 1.O0 0.15 0.86

C2HU 1.00 0.25 0.47 1.00 0.14 0.61

C2CD 0.80 0.41 1.00 1.00 0.12 0.40

C3HU 1.00 0.24 0.46 1.00 0.12 0.53

C3CD 1.00 0.25 0.43 1.00 0.12 0.30

C4HU 1.00 0.21 0.53 1.O3 0.12 0.63

C4CD 1.00 0.20 0.57 1.00 0.14 0.67

CSHU 1.00 0.24 0.38 1.00 0.11 0.59

C5CD 1.00 0.17 0.44 1.00 0.12 0.44

C6HU 1.130 0.19 0.19 1.00 0.11 0.23

C6CD 1.00 0.22 0.23 1.00 0.12 0.24

CTHU 1.00 0.21 022 1.00 0.12 0.25

C7CD 1.00 0.27 0.15 1.00 0.13 0.16

C8HU 1.00 0.24 0.56 1.00 0.11 0.61

C8CD 1.00 0.27 0.54 1.00 0.11 0.55

C9HU 1.00 0.27 0.51 0.99 0.11 1.00

C9CD 1.00 0.23 0.68 1.00 0.09 0.71

C10HU 1.00 0.27 0.46 0.74 0.08 1.00

C10CD 1.00 0.27 0.38 0.72 0.10 1.00

C 11HU 1.00 0.34 0.76 0.70 0.08 1.00

C11CD 1.00 0.13 0.76 0.63 0.08 1.00

C12HU 1.00 0.09 0.59 0.32 0.05 1.130

C12CD 1.00 0.09 0.68 0.19 0.03 1.130

C1HU 1.00 0.61 0.15 0.62 1.00 0.45

CICD 1.00 0.26 0.07 1.00 0.15 0.11

C2HU 1.00 0.41 0.11 1.00 0.11 0.10

C2CD 1.00 0.32 0.08 1.00 0.09 0.11

C3HU 1.00 0.49 0.11 1.00 0.07 0.09

C3CD 1.00 0.40 0.10 1.00 0.07 0.11

C4HU 1.00 0.42 0.11 1.00 0.06 0.08

C4CD 1.00 0.33 0.09 1.00 0.05 0.07

C5HU 1.00 0.33 0.09 1.00 0.05 0.08

C5CD 1.00 0.35 0.07 1.00 0.03 0.06

C6HU 1.00 0.47 0.10 1.00 0.04 0.08

C6CD 1.00 0.47 0.09 1.00 0.03 0.07

C7HU 1.00 0.40 0.09 1.00 0.04 0.08

CTCD 1.00 0.41 0.10 1.00 0.03 0.06

C8HU 1.00 0.46 0.10 1.00 0.04 0.08

C8CD 1.00 0.41 0.09 1.00 0.03 0.06

C9HU 1.00 0.59 0.14 1.00 0.02 0.07

C9CD 1.00 0.60 0.12 1.00 0.03 0.06

C10HU 1.00 0.56 0.12 1.00 0.02 0.10

C10CD 1.00 0.51 0.10 1.00 0.02 0.09

CIlHU 1.00 0.52 0.10 1.00 0.07 0.19

CllCD 1.00 0.32 0.12 1.00 0.14 0.13

C12HU 1.00 0.14 0.12 1.00 0.03 0.09

CI2CD 1.00 0.17 0.14 1.00 0.15 0.33
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Characteristic

Slope

Repeatability

TABLE 5.28.---(2 oncluded.

Cycle Gage type on IN100 Gage type on

CKAI PdCr DETCBCL CKAI PdCr

C1HU 1.03 0.59 0.23 0.77 1.03

CICD 1.03 0.21 0.06 1.130 0.23

C2HU 1.03 0.32 0.11 1.03 0.28

C2CD 1.03 02.2 0.06 1.03 0.18

C3HU 1.03 0.33 0.1 1 1.03 0.20

C3CD 1.03 0.34 0.09 1.00 0.15

C4HU 1.03 0.32 0.11 1.03 0.14

C4CD ! .03 0.30 0.08 1.03 0.1 1

C5HU 1.03 0.29 0.10 1.03 0.12

C5CD 1.03 0.24 0.06 1.00 0.07

C6HU 1.03 0.26 0.09 1.130 0.11

C6CD 1.03 0.29 0.07 1.03 0.08

C7HU 1.03 0.27 0.09 1.03 0.10

C7CD 1.03 0.30 0.09 1.03 0.08

C8HU 1.03 0.30 0.10 1.03 0.09

CSCD 1.00 0.28 0.08 1.00 0.07

C9HU 1.03 0.35 0.12 1.03 0.06

C9CD 1.03 0.32 0.08 1.00 0.05

C10HU 1.03 0.35 0.10 1.03 0.07

C10CD 1.03 0.30 0.08 1.130 0.04

CIIHU 1.00 0.26 0.09 1.03 0.12

C11CD 1.03 0.29 0.09 1.03 0.15

C12HU 1.03 0.17 0.10 1.03 0.05

CI2CD 1.00 0.18 0.10 1.00 0.07

CIHU,C1CD 0.64 1.03 0.13 0.18 0.15

C 1HU,C'2HU 0.39 1.03 0.14 0.62 0.18

C1CD,C2HU 0.98 1.03 0.03 0.26 0.07

C1CD,C2CD 0.37 1.03 0.05 0.26 0.07

C2HU,C2CD 0.62 1.03 0.82 0.75 0.22

C2HU,C3HU 1.03 0.60 0.47 1.130 0.01

C2CD,C3HU 0.66 1.03 0.96 0.79 0.09

C2CD,C3CD 0.53 0.55 !.00 1.00 0.06

C2CD, C4CD 0.73 1.00 0.38 0.92 0.10

C3HU,C3CD 1.03 0.56 0.33 1.03 0.29

C4HU,C6HU 1.00 0.21 0.06 1.03 0.01

C4CD,C5CD 1.03 0.14 0.14 1.03 0.1 1

C5HU,C5CD 1.03 0.13 0.08 1.03 0.16

C6HU, CTHU 0.87 1.130 0.26 1.03 0.05

C6CD,CTCD 1.03 0.49 0.09 1.03 0.09

CTHU,C7CD 1.03 0.31 0.10 1.03 0.87

CI HU,C8CD 0.68 1.00 0.21 0.62 0.07

C9HU,C9CD 1.00 0.80 0.37 1.00 0.01

C9CD,CIOHU 1.00 0.35 0.40 1.03 0.01

CIOHU,CIOCD 1.00 0.06 0.06 1.00 0.02

C11HU,C1 1CD 1.130 0.08 0.48 1.03 0.02

CI 1CD,C12HU 1.03 0.12 0.68 1.03 0.03

C12HU,C12CD 1.00 0.41 0.29 0.36 0.27

1_-2 IS TMC

DETCBCL

0.48

0.10

0.16

0.12

0.14

0.12

0.10

0.09

0.10

0.07

0.10

0.08

0.10

0.08

0.10

0.08

0.11

0.08

0.17

0.12

0.19

0.14

0.15

0.22

1.O3

1.03

1.03

1.03

1.03

0.14

1.03

0.25

1.03

0.48

0.04

0.07

0.19

0.75

0.11

0.27

1.03

0.32

0.09

0.68

0_57

0.35

1.03
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Characteristic

Rate

Scatter

Temperature

oc (°F)

600 (315)

750 (4OO)

900 (480)

TABLE 5.29.--GWP29 FIGURES OF MERIT FOR STRAIN DUE TO DRIFT

[Shaded area denotes gage type with best figure of merit. Figure of merit

determined at each temperature and the figures of merit for each

temperature are summed to[gether for final fi[gure of merit.]

Gage type on IN 1O0

CKA1

0.10

0.45

0.34

1050 (565) 1.(13

1200(650) 0,66

1350 (730) 0.26

1500(815) 1.0O

Overall

600(315)

3.81

0.47

PdCr

1.0O

DETCBCL

0.02

1.130 0.03

1.0O 0.06

0.38 0.36

1,0O 0.58

1.00 0.40

0.35

iiiiiiiii_i!_ii:i_iiiiiiiiiiii:i_iii!iiii_iiiiii!iiiiiiiiiiiiiil
1.00

0.32

1.77

0.69

Gage type on TMC

CKAI PdCr DETCBCL

1.00 0.33 0,20

1.00 0.51 0.20

0.35 1.0O 0.45

0.91 1.00 0.83

0.17 0.05 1.00

0.88 0.03 1.00

0.40 1.(300.67

iiiiiiiiiiiiiiiiiii!i!iiiiiiii_iii_iiiiiiiiiiiiilili!!i? 3.32 4.68

1.00 0.67 0.23

1.00 0.58750 (400) 1.00 0.95 0.80 0.04

900 (480) 0.22 1.00 0.08 0.65 1,00 0.60

1050 (565) 0.29 1.0O 0.88 0.39 0.44 1.00

1.00 0.92

1.00 0.86

1.00

1200(650) 0.42

1350 (730) 0.29

1500 (815) 0.30

Total 2._ 5.24

0.24 0.10 1.00

0.41 0.06 1.0O

0.84 0.91 1.0O

4.53 3.77 iiiii!iiiiili!!_i̧ii_i_illi!!iii_il!]i!i
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Characteristic

Scatter

Magnitude

Slope

Repeatability

TABLE 5.30.--GWP29 FIGURES OF MERIT FOR GAGE FACTOR

(a) Tension

Cycle Gage type on IN100 Gage type on

CKA1 PdCr DETCBCL CKA1 PdCr

C1HU 0.58 0.52 1.00 1.00 0.89

C1CD 0.49 1.00 0.82 1.00 0.87

C4HU 0.57 0.48 1.00 0.74 1.00

C4CD 0.74 0.48 1.00 0.84 1.00

C5HU 0.61 0.58 1.00 0.87 1.00

C5CD 0.17 0.74 1.00 0.93 1.00

C6HU 0.56 0.50 1.00 0.79 1.00

C6CD 0.81 1.00 0.94 1.00 0.92

CTHU 0.48 0.91 1.00 1.00 1.00

CTCD 0.39 0.53 1.00 0.68 1.130

C8HU 0.57 0.91 1.00 0.89 1.00

C8CD 0.23 1.00 0.41 1.00 0.77

CIHU 1.00 0.68 0.85 1.00 0.62

C1CD 1.00 0.62 0.81 1.00 0.70

C4HU 1.00 0.62 0.81 1.00 0.64

C4CD 1.00 0.65 0.81 1.00 0.67

CSI-IU 1.00 0.60 0.79 1.00 0.67

CSCD 1.00 0.62 0.77 1.00 0.69

C6HU 1.00 0.61 0.76 1.00 0.66

C6CD 1.00 0.63 0.76 1.00 0.70

CTHU 1.00 0.64 0.77 1.00 0.66

C7CD 1.00 0.65 0.75 1.00 0.70

CSHU 1.00 0.65 0.75 1.00 0.70

CSCD 1.00 0.64 0.74 0.98 0.76

C1HU 0.72 0.93 1.00 0.53 0.74

C 1CD 0.32 1.00 0.59 0.51 0.54

C4HU 0.40 1.00 0.79 0.40 0.72

C4CD 0.44 1.00 0.76 0.85 0.85

C5HU 0.35 1.00 0.63 0.72 0.77

C5CD 0.36 1.00 0.76 1.00 0.49

C6HU 0.32 1.00 0.60 0.91 0.81

C6CD 0.39 1.00 0,59 1.00 0.53

C'/HU 0.34 1.00 0.47 0.95 1.00

C7CD 0.33 1.00 0.19 1.00 0.93

CSHU 0.28 1.00 0.31 0.97 1.00

CgCD 0.20 1.00 0.22 1.00 0.73

CIHU, CICD 1.00 0.35 0.23 0.06 1.130

CIHU, C4HU 1.00 0.72 0.47 0.29 1.00

C1CD, C4CD 0.13 1.00 0.19 0.94 1.00

C4HU, C4CD 0.17 1.00 015 0.15 1.00

C5HU, C5CD 1.00 0.61 0.52 0.34 1.00

C5HU, C6HU 0.90 1.00 0.43 0.79 1.00

C5CD, C6CD 0.69 1.00 0.54 1.00 0.86

C6HU, C6CD 0.20 1.00 0.31 0.42 1.00

CTHU, CgHU 0,27 1.00 0.19 1.00 0.70

CTHU, C8HU 0.46 1.00 0.44 1.00 0.92

CTCD, C8CD 0.66 1.00 0.64 1.00 0.37

C8HU, C8CD 1.00 0.86 0.85 0.76 1.00

I_-21S TMC

DETCBCL

0.85

0.61

0.61

0.68

0.61

0.42

0.71

0.40

0.73

0.67

0.60

0.61

0.89

0.94

0.84

0.90

0.87

0.89

0.84

0.90

0.89

0.98

0.90

1.00

1.00

1.00

1.00

1.00

1.00

0.39

1.00

0.55

0.55

0.56

0.74

0.97

0.11

0.15

0.58

025

0.17

0.82

0.44

0.28

0.56

0.34

0.25

0.46
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CharacteristicCycle

Scatter C1HU

Magnitude

Slope

Repeatability

TABLE 5.30.-- Concluded.

Gage type on IN100 Gage type on [5-21S TMC

CKA1 PdCr DETCBCL CKAI PdCr DETCBCL

0.87 0.86 1.00 1.00 0.80 0.75

CICD 0.45 1.00 0.58 1.00 0.75 0.50

C4HU 0.75 1.00 0.58 0.87 1.00 0.56

C4CD 0.62 1.00 0.65 0.98 1.00 0.38

C5HU 0.45 1.00 0.60 1.00 0.89 0.53

C5CD 0.70 0.86 1.00 1.00 0.85 0.26

C6HU 0.77 0.83 1.00 1.00 0.76 0.34

C6CD 0.72 1.00 0.78 1.00 0.83 0.32

C7HU 0.29 1.00 0.33 1.00 0.77 0.23

C7CD 0.36 1.00 0.55 1.00 0.55 0.48

C8HU 0.25 1.00 0.34 1.00 0.73 0.21

C8CD 0.44 1.00 0.51 1.00 0.61 0.09

C1HU 1.00 0.64 0.83 1.00 0.63 0.92

C 1CD 1.00 0.68 0.83 1.00 0.65 0.92

C4HU 1.00 0.64 0.81 1.00 0.64 0.88

C4CD 1.00 0.64 0.82 1.00 0.66 0.88

C5HU 1.00 0.63 0.82 1.00 0.66 0.92

C5CD 1.00 0.64 0.81 1.00 0.66 0.89

C6HU 1.00 0.65 0.80 1.00 0.66 0.95

C6CD 1.00 0.64 0.78 1.00 0.67 0.93

C7HU 1.00 0.64 0.81 1.00 0.66 0.94

C7CD 1.00 0.67 0.77 1.00 0.68 0.95

C8HU 1.00 0.68 0.75 1.00 0.73 0.99

C8CD 1.00 0.70 0.75 1.00 0.68 0.94

CIHU 0.52 0.73 1.00 0.56 1.00 0.69

C1CD 0.54 0.67 1.00 0.59 1.00 0.90

C4HU 0.51 1.00 0.83 0.63 1.00 0.90

C4CD 0.54 1.00 0.86 0.54 1.00 0.47

C5HU 0.47 !.00 0.74 0.52 0.83 1.00

C5CD 0.38 1.00 0.60 0.54 1.00 0.34

C6HU 0.63 1.00 0.81 0.72 1.00 0.46

C6CD 0.57 1.00 0.64 0.61 1.00 0.60

C7HU 0.40 1.00 0.46 1.00 0.67 0.79

CTCD 0.46 1.00 0.51 0.70 0.55 1.00

C8HU 0.36 1.00 0.48 0.73 1.00 0.82

C8CD 0.33 1.00 0.47 0.86 1.00 0.89

CIHU, C1CD 0.84 1.00 0.97 0.24 1.00 0.19

C1HU, C4HU 1.00 0.85 0.77 0.43 1.00 0.18

C1CD, C4CD 1.00 0.52 0.72 0.50 1.00 0.17

C4HU, C4CD 0.26 0.75 1.00 0.14 1.00 0.11

C5HU, C5CD 0.38 1.00 0.43 0.47 1.(30 0.34

C5HU, C6HU 0.56 1.00 0.58 0.21 1.00 0.07

C5CD, C6CD 0.37 1.00 0.17 0.72 1.00 0.39

C6HU, C6CD 1.00 0.88 0.48 0.44 1.00 0.27

C7HU, C8HU 0.43 1.00 0.23 1.00 0.72 0.28

C7HU C8HU 0.67 1.00 0.79 1.00 0.57 0.70

C7CD, C8CD 1.00 0.57 0.83 1.00 0.52 0.25

C8HU, C8CD 1.00 0.42 0.70 0.80 1.00 0.27
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TABLE 5.31.---GWlr29 GAGE SURVIVAL

(a) Summar?

Parameter

Survival rate

Characteristic

Apparent strain

Temperature,
°F (°C)

1200(650)

1350 (730)

1500(815)

Drift strain 1200(650)

1350 (730)
1500(815)

Gage factor 1200(650)
1350 (730)

1500(815)

Overall 1200(650)
1350(730)

1500(815)

INI00

CKA1 PdCr DETCBCL

12 10 12

12 10 12

12 10 12

12 10 12

12 10 12

12 4 12

12 7 12

11 4 11

9 3 7

36 27 36

35 24 35

33 17 31

CKA1

12

12

12

12
12

12

12
12

5

36

36
29

TMC

PdCr

12

12

12

12

12

8

12

12

11

36

36

31

DETCBCL

12

12

12

12

12

12

12

7

6

36

31

30

(b) Figures of merit for gage size and survival rate

Parameter

Ga_e size

Survival rate

Characteristic

Installed area

Calculated

transverse

sensidvit_¢
Sum

Apparent strain

Temperature,
°F (oC)

1200 (650)

1350 (730)

1500 (815)

Drift strain 1200 (650)

1350 (730)

1500 (815)

Gage factor 1200 (650)
1350 (730)

1500 (815)

Overall 1200(650)

1350 (730)

1500(815)

CKAI

0.42

0.88

1.30

1.00

1.00

1.00

1.00

1.00

1.00

1.00

.92

.75

1.00

.97

.92

IN100

PdCr DETCBCL

1.00 0.60

1.00 0.89

2.00 1.49

0.83 1.00

.83 1.00

.83 1.00

0.83 1.00

.83 1.00

.83 1.00

0.61 1.00

.33 .92

.25 .58

0.75 1.00

.67 .97

.47 .86

CKA1

0.42

0.88

1.30

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

.42

1.00

1.00

.81

TMC

PdCr

1.00

1.00

2.00

1.00

1.00

1.00

1.00

1.00

.67

1.00

1.00

.92

1.00

1.00

.86

DETCBCL

0.60

0.89

1.49

1.00

1.00

1.00

1.00

1.00

100

100

58

50

100

86

83
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5.5 Results and Discussion

Although a significant effort was made to minimize the

differences in test equipment used at the three test sites (e.g., the

same hardware and software were used for final data process-

ing), each center employed a different data acquisition system

and furnace configuration; therefore, some inherent differ-

ences may be evident in the final results.

5.5.1 Apparent Strain

This discussion of the characteristics of apparent strain for

each type of gage (scatter, magnitude, slope, and repeatability)
is based on figures 5.1 to 5.72, 5.187, and 5.188. Offsets were

adjusted to zero before each heatup cycle.

5.5.1.1 CKA1 gage on INIO0

Scatter.With the CKA1 gage on IN100 scatter was greater

for cycle i than for any of the other 1200 °F (650 °C) cycles. The

cooldown portion of this cycle had a wide scatterband and a
large zero shift. The figures of merit from section 5.4 show that

the C 1HU scatter was only marginally superior and that C 1CD

had the poorest results for the three types of gage. C2CD

improved but still had noticeable scatter; the figure of merit

indicates that the DETCBCL gage was superior for this half-

cycle. The scatter was stable from cycle 3 through cycle 12 even

with rate changes to the temperature at cycles 9 and 11. Note the

tightness of the scatterbands in cycles 3 to 8 in the temperature
range 75 to 750 °F (20 to 400 °C) and the increased scatter when

the temperature was between 750 and 1200 °F (400 and

650 °C). This temperature dependency in the scatterband was

consistent from heatup to cooldown, suggesting that the gage
design did a good job of canceling the effects of the metallur-

gical instabilities in the Kanthai alloy. The temperature depen-
dency changed after the initial exposure to 1350 °F (730 °C) in

cycle 9. The point at which the scatterband increased shifted

from 750 °F (400 °C) in cycle 9 to 300 °F (150 °C) in cycle 10.

Also, note the greater differences between the heatup and

cooldown in cycles 10 and 12, indicating that second cycles at

a given temperature stabilized these gages. The figures of merit

from section 5.4 indicate that this gage was superior in this

characteristic for first-cycle data, with the exception of the

cooldown in cycle 1, C1CD.

Magnitude:Relative to other high-temperature strain gages,

the CKA1 gage on IN100 had small magnitude of apparent

strain throughout the temperature range tested. The figures of

merit show that this gage was superior through all test cycles.

Slope:The CKAI gage on IN 100 showed very little slope in

the apparent strain plots. The lack of slope change in either

cycle 5 or 6 is an excellent demonstration of an insensitivity to

cooling rate change, as cooling rate change is a traditional

drawback of gages manufactured from FeCrAI alloys. The

figures of merit show this gage to be superior for all cycles.

Repeatability:Repeatability figures of merit were determined

for selected cycles as discussed in connection with

table 2.9. Over this test range the CKA 1gage on IN 100 showed

good repeatability but was superior for only three of the seven
selected cycles.

5.5.1.2 PdCr gage on INIO0

Scatter. The scatterband for the PdCr gage on IN100 was

nearly the same for the first four cycles except for the large zero

shift in cycle 1, indicating little sensitivity to heating rate

changes. Cycle 5 showed a larger zero shift and an expanded

scatterband, indicating sensitivity to cooling rate change, which

also is apparent in cycle 7, where another cooling rate change

took place. Zero shifts from cycle 1no longer existed in cycle 2,

indicating full stabilization at this point. Scatter increased

because of increased maximum exposure temperature in cycle 9.

A small amount of stabilization occurred in cycle 10. The

scatterbands of cycles 11 and 12 increased significantly, indi-

cating that at 1500 °F (815 °C) there may have been a phase

change in the gage material. Center-to-center differences in

temperature-time histories showed up in the PdCr data. They
may be explained by figures 5.187 and 5.188, which show the

differences in temperature-time histories for cycle 6, a

60 F deg/sec (33 C deg/sec) heating and cooling rate test. The

figures of merit for scatter show that the PdCr gage on IN 100

did not perform as well as the others for all first-cycle tests.

Magnitude: The magnitude of the apparent strain was greater

for the PdCr gage on IN100 than for CKA1 but was generally

less than 1000 [aeand was relatively constant over the 12 cycles.

As with all other PdCr characteristics the gage behavior broke
down at 1500 °F (815 °C). The figure of merit for this charac-

teristic places this gage second to the CKA1 for all cycles.

Slope: The slope for all cycles, except at 1500 °F (815 °C),

was relatively flat and showed little change over the series of
cycles. The figures of merit for slope show the PdCr gage on

IN100 to be second to the CKA1 for all cycles tested.

Repeatability: Despite the cycle 1 scatter, C1HU--C1CD

repeatability was significantly better than for either of the other

two gage types. Repeatability was slightly affected by the rate

sensitivity in cycles 5 and 7, but improved in following cycles.

Repeatability was good in cycle 9 but decreased in cycle 10. It

was expected that a second cycle to 1350 °F (730 °C) would

stabilize the gage and improve the repeatability. Instead, we

may be seeing the effects of thermal cycling. Cycles 11 and 12

show repeatability despite the widely scattered data. The fig-

ures of merit for this characteristic show the PdCr gage on

INI00 to be superior in four of the designated cycles.

5.5.1.3 DETCBCL gage on INIO0

Scatter:Cycle 1 scatter was low for the DETCBCL gage on

IN100, despite the large magnitude of apparent strain. The

other two gage types had large magnitude of apparent strain
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associated with large magnitude of scatter. The scatter re-

mained fairly tight and consistent through cycle 4. Some

change occurred in cycle 5, particularly in C5HU. Rate sensi-

tivity does not explain this increase, since the heatup rate had

already changed in cycle 3. It may be explained by center-to-

center differences in heating and cooling profiles (figs. 5.187

and 5.188). Cycle 6 scatter was large, but center-to-center

differences are evident in the data (figs. 5.187 and 5.188).

BCL-3 alloy is known to be cooling rate sensitive, and there

were again differences in the temperature-time profiles be-

tween the three centers. Cycle 7 scatter was large. The scatter
for sets of 4 gages tested at each center was small, but when

considered as a set of 12 gages it was large. Cycle 8 showed a

stabilization in scatterband. Cycle 9 scatter was essentially

unchanged from the cycles accomplished at lower tempera-

tures, indicating little effect from increased exposure at tem-

perature. Cycle 10 again appeared to be dominated by center

biases. Cycle 11 showed approximately the same scatter as

cycle 10, and cycle 12 showed a smaller scatter at lower

temperatures and a larger scatter at 1500 °F (815 °C). The

longer time at temperature shown in figure 5.187, particularly

at Lewis, would cause large differences in the data. The figures

of merit for scatter show that the DETCBCL gage did not

perform as well on IN100 as the other two gages.

Magnitude: The magnitude for the DETCBCL on IN 100 was

consistent throughout all cycles but was still poor relative to the

other two gages, except for cycle 12, where the magnitude was

less than that for the PdCr above 1350 °F (730 °C). The figures

of merit for apparent strain magnitude show that the DETCBCL

was consistently poorest on all cycles. The figures of merit for
cycle 12 indicate the PdCr and DETCBCL to be close to the

same value, with the PdCr being only slightly superior.

Slope: The apparent strain curves all show a negative slope

for the DETCBCL gage on IN100 to approximately

600 °F (315 °C), and then the slope became positive to the end
test temperatures. The figures of merit for slope indicate that

this type of gage did not perform as well as the other two.

Repeatability: The usual first-cycle zero shift was present

below 900 °F (480 °C). Cycles 2 to 4 had good repeatability,

except in the phase transformation temperature region (PTTR),

600 to 1050 °F (315 to 565 °C). Cycle 5 lost some repeatability

because of cooling rate sensitivity. Cycle 6 repeatability was

good outside the PTTR, despite the data scatter. Cycle 7 was

similar to cycle 1. Higher temperature repeatability in cycles 9

to 12 was better than at lower temperatures. The figures of merit

for this characteristic show the DETCBCL gage on IN 100 to be

second in two of the designated first cycles and third in the

others. A factor in this poor showing was the difference in time

at temperature from center to center.

5.5.1.4 CKA1 gage on _-21S TMC

Scatter. As it was for CKA 1 on IN 100, scatter was greater in

cycle 1 for the CKAI gage on 13-21S TMC than in any of the

other 1200 °F (650 °C) cycles. The scatter in the cooldown

portion of this cycle, although greater than in other cycles, was

less than on IN100. The figures of merit for cycle 1 show that

although the DETCBCL was superior in C 1HU, the CKA 1 was

superior in C1CD by approximately the same margin. The

scatter in cycle 2 was considerably less, as reflected in the figure

of merit. Although there was a slight increase in scatter as the

data progressed from cycle 2 through cycle 8, the CKA1

retained its superiority in every half-cycle. Note the tightness in

scatter in cycles 2 to 8 from 75 to 750 °F (20 to 400 °C) and the

increased scatter from 750 to 1200 °F (400 to 650 °C). This

temperature dependency in the scatterband was consistent from

heatup to cooldown and followed the same trend as for CKA 1

on IN100. The temperature dependency changed after the

initial exposure to 1350 °F (730 °C) in cycle 9, where there was

a noticeable increase in scatter in C9CD at 75 °F (20 °C). More

significant changes followed in cycle 10, where there was a

substantial increase in scatter, particularly at higher tempera-

tures. Also, the temperature at which scatter increased changed

from 750 °F (400 °C) in cycle 9 to 300 °F (150 °C) in cycle 10.

Exposure to 1500 °F (815 °C) in cycles 11 and 12 dramatically

increased the scatter in the gage. The figures of merit from

section 5.4 indicate that the CKA1 gage on [3-21S TMC was

superior in scatter for all half-cycles through cycle 9, except for

C 1HU and C9CD. Thereafter, the DETCBCL gage was superior.

Magnitude: Relative to other high-temperature strain gages,

the magnitude of the apparent strain of the CKA1 was small

throughout the temperature range tested and was even smaller

on 13-21S TMC than on IN 100. The figure of merit in section 5.4

shows that this gage was superior through all cycles of the test,

except for CIHU, for which the PdCr gage was superior.

Slope: The CKA1 on 1_-21S TMC showed very little slope in

the apparent strain plots. As on IN100, apparent strain for the

CKA1 on [_-21S TMC changed slope between 300 and 750 °F
(150 and 400 °C) because installation stresses had been re-

lieved. These changes were significant enough that the PdCr

was superior in C1HU, with the CKA1 being superior in every
half-cycle after that. The lack of slope change in either cycle 5

or cycle 6 was again an excellent demonstration of the insensi-

tivity to cooling rate change.

Repeatability: Repeatability figures of merit were determined

for selected cycles as discussed in connection with table 2.9.

Over this test range the CKA1 on 13-21S TMC showed good

repeatability but was superior in only three of the seven selected

cycles.

5.5.1.5 PdCr gage on _-21S TMC

The PdCr gages on the TMC at Langley and Dryden were

reworked along the welds at Langley. These reworked gages

showed a much larger apparent strain and poorer repeatability

than those tested at Lewis with no reworking. The average

results of the PdCr gages on TMC are therefore not as represen-

tative as those from gages on INI00.
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Scatter. Cycle 1 scatter for the PdCr gage on 9-21S TMC was

large, and center-to-center differences are evident. Scatter

decreased in cycle 2, with modest growth in cycles 3 to 5, again
with some center-to-center differences in each cycle. Scatter

remained essentially constant in cycles 5 to 7 and grew again in

cycle 8. There was no clear heating or cooling rate sensitivity

in the scatter, but increasing cyclic exposure did not stabilize

the gage on 9-21S TMC as it did on IN100. Scatter increased

dramatically with increased maximum exposure temperature in

cycle 9 and continued to do so in all subsequent cycles. Scatter

reached extreme proportions in cycles 11 and 12, when the

maximum exposure temperature increased to 1500 °F (815 °C).
Center-to-center differences showed up in every cycle of the

PdCr data. Differences in the temperature-time histories for the

fast heatup/fast cooldown cycles explained the behavior ob-
served on IN 100. However, because center-to-center differences

were present in all data for PdCr on 9-21S TMC, temperature-

time histories do not explain the observed data. The figures of
merit for scatter show that the PdCr gage on 9-21S TMC did not

perform as well as the others for all first-cycle tests.

Magnitude: With the exception of C1HU the magnitude of

the apparent strain was large and increased with each half-

cycle. C 1 ! CD had considerably less magnitude than any of the

surrounding half-cycles. The figure of merit for magnitude

shows that the PdCr gage on 9-21S TMC did not perform as

well as the others, except for first-cycle heatup, where it was

superior.

Slope: The slope characteristics of the PdCr gage on 9-21S
TMC were very similar to the magnitude characteristics for all

cycles. In C1HU it was superior to the other gage types but

thereafter had large slopes and was poorer than the other gages

in the selected comparisons. The figure of merit for slope shows

that this gage did not perform as well as the other two, except

for first-cycle heatup, where it was superior.
Repeatability: Significant differences existed from 75 to

1200 °F (20 to 650 °C) in the C1HU-C1CD comparison,

ultimately resulting in a large zero shift. Lesser but still signifi-

cant offsets and zero shifts occurred in cycles 2 to 5. Repeatability

improved slightly in cycles 6 to 8, and thus the PdCr did not

appear to be rate sensitive as it was on IN 100. Repeatability was

poor in all cycles above 1200 °F (650 °C), although some

improvement was made in C12CD. The figures of merit for

repeatability indicate that the PdCr gage on 9-21S TMC did not

perform as well as the others in each of the selected comparisons.

5.5.1.6 DETCBCL gage on _-21S TMC

Scatter. Cycle 1 scatter for the DETCBCL gage on 9-21S

TMC was small, despite the large magnitude of apparent strain.

With the other two gage types large magnitude of apparent

strain was associated with large scatter. The scatter remained

fairly tight and consistent through cycle 5, although there were

slight increases in scatter for C3CD and C5CD. There were also

more center-to-center differences in temperature-time histories

for C3CD and C5CD, which are believed to be the cause of the

increase in scatter. There was a large increase in cycle 6 scatter.

However, center-to-center differences in the temperature-time

histories, similar to what is shown in figures 5.73 and 5.74 for

cycle 6 tests on IN 100, are believed to be responsible for the

increase. Cycle 7 scatter remained large, but center-to-center
differences were also evident once again. As noted for tests on

IN 100, the scatter for sets of 4 gages tested at each center was

small, but when considered as a set of 12 gages it was large.

Cycle 8 showed a stabilization in scatterband, with much
reduced center-to-center differences. C9HU scatter from 75 to

1200 °F (20 to 650 °C) was essentially unchanged from the

previous cycles and was slightly lower even when the addi-
tional scatter above 1200 °F (650 °C) was added. There was a

slight increase in C9CD scatter, possibly indicating a small
effect from the increased exposure temperature. Cycle 10

scatter improved from that of cycle 9, indicating a stabilizing

effect of cycling to temperature. A small center-to-center
difference affected C10CD scatter below 300 °F (150 °C).

Scatter in cycles 11 and 12 to 1350 °F (730 °C) was consistent

with the scatter in previous cycles, and the small increase in
overall scatter was due only to the additional scatter from 1350

to 1500 °F (730 to 815 °C). The figures of merit for scatter show

that the DETCBCL gage on 9-21S TMC was superior for first-

cycle behavior at each temperature and was superior for first-

cycle cooldowns, except in CICD and C9CD, where it was
second.

Magnitude: The magnitude of the DETCBCL gage on 9-21S

TMC was consistent throughout all cycles and was a distant

second to the CKA 1 in most cycles. After C2HU the DETCBCL

had lower magnitude than the PdCr, except for CI 1CD where

they were approximately equal. The figures of merit for mag-

nitude show that at least one of the other gage types was always

significantly better on [_-21S TMC than the DETCBCL. The

performances of DETCBCL and PdCr gages were very close

throughout this text matrix.

Slope: The apparent strain curves all had a negative slope to

approximately 600 °F (315 °C) and then the slope became

positive to 1050 °F (565 °C), above which temperature it was

relatively fiat. As for magnitude, the slope figures of merit

show that at least one of the other gage types was always

significantly better on 15-21S TMC than the DETCBCL.

Repeatability: The characteristic lack of repeatability of the

BCL-3 alloy in the PTTR, 600 to 1050 °F (315 to 565 °C), was

present in all cycles and is assumed in all further discussion.

Although some first-cycle zero shift was present, it was signifi-

cantly less than on INI00 and was better than that for either of

the other gages. Cycles 2 to 4 had good repeatability, although

center-to-center differences in temperature-time history were

responsible for some slight losses in cycle 3. A combination of

cooling rate sensitivity and center-to-center differences ad-

versely affected the repeatability in cycle 5. Despite the large
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scatterin thedata,cycle6repeatabilitywasgood.Cycle7
exhibitedtheheatup/cooldowndifferencesandzeroshifttypi-
fiedbyaslowcooldownof therate-sensitiveBCL-3alloy.
Cycle8recoveredaconsiderabledegreeofrepeatabilitybecause
theadditionalcyclehadastabilizingeffectatthesamecondi-
tionsasthepreviouscycle.Onlyminoreffectsonrepeatability
occurredincycles9and10becauseexposuretemperaturehad
increasedto 1350°F (730 °C). However, there was some loss

in repeatability in cycles 11 and 12 because the maximum

exposure temperature had increased to 1500 °F (815 °C). The

repeatability figures of merit show the DETCBCL gage on

1_-21S TMC to be superior in four of the seven designated

cycles and second in the other three designated cycles.

5.5.2 Drift Strain

The rate and scatter in the drift strain discussed here are

shown in the data displayed in figures 5.73 to 5.114.

5.5.2.1 CKA1 gage.--This gage exhibited quite good per-

formance with drift rate, being the best gage, on average, on

TMC and second to the PdCr on IN 100. The average drift strain

rate was generally under 500 0e throughout the range of test

temperatures. In gage-to-gage scatter, however, it was second

best on TMC and poorest on IN 100, increasing with increasing
temperature on both materials. In general, the data from the

gages tested at each center seemed to cluster together, with the

results obtained at Lewis and Langley tending to follow the

same general trend. This result was probably attributable to the

similar test ovens (rather than Dryden's radiant heater) used at

those centers. It is also speculated that the less-well-protected

compensating element in this gage, being only 0.001-in.-
diameter wire, suffered more from oxidation effects.

5.5.2.2 PdCr gage.--This gage exhibited quite good per-
formance on both materials and was rated the best in both drift

rate and scatter on IN100 even though only the gages tested at

Lewis survived at 1500 °F (815 °C). Of the gages on IN 100 that

were deemed failed gages, a few actually did fail (gage opened

or lead-wire attachment failed) but most simply went off scale

and could not be contained within the same test parameters and

procedures as the others. This trend was undoubtedly exacer-

bated by the more complicated electrical connections required

at both Langley and Dryden to interface to the data acquisition

systems used at those centers. The PdCr gage on TMC, as tested

at Langley and Dryden, exhibited bizarre behavior at 1200 and

1350 °F (650 and 730 °C) yet seemed to recover at 1500 °F
'(815 °C). This anomaly is inexplicable at this time, yet tests at

both Langley and Dryden seemed to exhibit the same general
behavior.

5.5.2.3 DETCBCLgage.--This gage exhibited its best per-

formance on TMC, where it had the lowest scatter among the
gages tested and was second in drift strain rate. On IN 100 it was

the second performer with respect to scatter but was the poorest
in terms of drift strain rate. Again there was some indication of

possible bias caused by the different thermal facilities used, but

it was not nearly as apparent as for the other gage types.

5.5.3 Gage Factor

This section discusses the characteristics of the gage factor

parameter (i.e., scatter, magnitude, slope, and repeatability) for

gages tested on INI00 and _-21S TMC. This discussion is

based on gage factor figures 5.115 to 5.186 and figure-of-merit
table 5.30.

5.5.3.1 CKA1 gage on INlOO.--The CKAI gage had the

largest gage factor magnitude among the three gage types tested

for all thermal cycles under both tension and compression. This

gage, however, had the largest gage-factor-versus-temperature

sensitivity (highest slope) among the three gage types. Its gage

factor decreased approximately 25 to 30% as the temperature

increased from room temperature to 1200 °F (650 °C) and then

slightly increased as the temperature increased up to 1500 °F

(815 °C). The CKA 1gage had the best repeatability for the first

thermal cycle to 1200 and 1350 °F (650 and 730 °C) under

tension and was second to the PdCr gage for all other cycles.

The gage-to-gage scatter was the largest for all thermal cycles

tested. The gage factor characteristics were very similar under

tension and compression. The gage factor generally decreased

after thermal cycling.

5.5.3.2 PdCr gage on INlOO.--The PdCr gage had the

smallest gage factor magnitude among the three gage types

tested for all thermal cycles under both tension and compres-

sion. It had, however, the least gage-factor-versus-temperature

sensitivity (lowest slope) under tension and compression for all

thermal cycles except for the first cycle to 1200 °F (650 °C)

under compression; DETCBCL had the lowest slope for that

cycle. The gage factor of the PdCr gages decreased approxi-

mately 15 to 20% as the temperature increased from room

temperature to 1200 °F (650 °C) and then slightly increased as

the temperature increased up to 1500 °F (815 °C). The PdCr

gage had the best repeatability for all thermal cycles except for

the first thermal cycle to 1200 and 1350 °F (650 and 730 °C)

under tension; CKA1 was the best for these two cycles. The

PdCr gage also had the least gage-to-gage scatter for all thermal
cycles under compression and was second to the DETCBCL

gage for all cycles under tension. The gage factor characteris-

tics were very similar under tension and compression. The gage
factor decreased after thermal cycling to 1200 °F (650 °C) and

then increased after thermal cycling to 1350 and 1500 °F (730

and 815 °C).

5.5.3.3 DETCBCL gage on lNIOO.--The DETCBCL gage

had the second largest gage factor magnitude among the three

gage types tested for all thermal cycles under both tension and

compression. It had the least gage-factor-versus-temperature

sensitivity (lowest slope) for the first cycle to 1200 °F (650 °C)

under compression; and it was second to the PdCr gage in the

lowest slope for the rest of the thermal cycles. The gage factor
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oftheDETCBCLgagesdecreasedapproximately20to25%as
thetemperatureincreasedfromroomtemperatureto1200°F

(650 °C) and then slightly increased (5%) as the temperature
increased up to 1500 °F (815 °C). The repeatability for the

DETCBCL gage was not as good as for the other gage types and

its gage factor decreased approximately 15 to 20% after all the

thermal cycles. It had, however, the least gage-to-gage scatter
for all thermal cycles under tension and was second to the PdCr

gage for all thermal cycles under compression. The gage factor
characteristics were slightly different under tension and com-

pression during cycles to 1200 °F (650 °C). The gage factor

decreased after thermal cycling.
5.5.3.4 CKAI gage on TMC._-The CKA1 gage again had

the largest gage factor magnitude among the three gage types
tested for all thermal cycles under both tension and compres-

sion. Its gage factor decreased approximately 20 and 30% as the

temperature increased from room temperature to 1200 °F

(650 °C) under tension and compression, respectively. The

CKA 1 gage had the best repeatability for two thermal cycles to
1500 °F (815 °C) and was second to the PdCr gage for the rest

of the cycles. The CKA1 gage also had the least gage-to-gage
scatter for all thermal cycles under compression and for the first

cycle to 1200 °F (650 °C) under compression; it was second to

the PdCr gage for the rest of the cycles. The CKA 1 gage had the

largest gage-factor-versus-temperature sensitivity (highest

slope) among the three gage types except for the first thermal

cycle to 1350 and 1500 °F (730 and 815 °C) under tension; it

was the best for these two cycles. The gage factor characteris-

tics of this gage were slightly different under tension and

compression from 750 to 1050 °F (400 to 565 °C). In addition,

the gage factors of the gage tested on TMC were generally

larger than those of the gage tested on INI00 for all thermal

cycles.
5.5.3.5 PdCrgage on TMC.---The PdCr gage again had the

smallest gage factor magnitude among the three gage types
tested for all thermal cycles under both tension and compres-

sion. It had, however, the least gage-factor-versus-temperature

sensitivity (lowest slope) under compression for all thermal

cycles except for the first cycle to 1500 °F (815 °C). The gage

factor of the PdCr gage on TMC decreased approximately 15 to

20% as the temperature increased from room temperature to
1200 °F (650 °C) and then increased as the temperature in-

creased up to 1500 °F (815 °C). The PdCr gage had the best

repeatability for all thermal cycles except for the first thermal

cycle to 1500 °F (815 °C); CKA1 was the best for these two

cycles. The PdCr gage also had the least gage-to-gage scatter

for all thermal cycles under tension and was second to the

CKAI gage for all cycles under compression. Its gage factor

characteristics were very similar under tension and compres-

sion. The gage factor decreased after cycling to 1200 °F
(650 °C) and then increased after thermal cycling to 1350 and

1500 °F (730 and 815 °C). Like the CKA 1 gage, the gage factors

of the PdCr gage tested on TMC were generally larger than

those of the gage tested on IN100 for all thermal cycles.
5.5.3.6 DETCBCL gage on TMC.--The DETCBCL gage

had the second largest gage factor magnitude among the three

gage types tested for all thermal cycles under both tension and

compression. It had however, the least gage-factor-versus-

temperature sensitivity (lowest slope) for the first thermal cycle
to 1200 °F (650 °C) under tension and for the first cycle to

1500 °F (815 °C) under compression. The gage factor of the

DETCBCL gages decreased as the temperature increased from

room temperature to 1200 °F (650 °C) and then increased as

temperature increased up to 1500 °F (815 °C). The repeatabil-

ity for the DETCBCL gage was not as good as for the other

gage types: the gage factor varied approximately 25% between

eight thermal cycles. The gage-to-gage scatter for DETCBCL
on TMC was also not as good as that of the other two gage

types. The gage factor characteristics of this gage were differ-
ent under tension and compression from 750 to 1050 °F (400

to 565 °C). The gage factor decreased after thermal cycling to

1350 °F (730 °C) and then increased after cycling to 1500 °F

(815 °C). The gage factors of this gage on TMC were generally

much larger than those of the gage tested on IN100 for all

thermal cycles.

5.5.4 Gage Size and Survivability

Table 5.31 shows that the PdCr required the smallest instal-

lation area of the three gages tested, the DETCBCL required a

somewhat larger area, and the CKA 1 required the largest area.

Table 5.31 also shows the figures of merit for survival rate.
These relative numbers indicate that on IN100 the CKA1 had

the superior survival, followed closely by the DETCBCL, and

that on TMC the PdCr had the superior figure of merit for

overall failure, followed closely by the CKAI and the
DETCBCL.

Lewis Research Center

National Aeronautics and Space Administration
Cleveland, Ohio, June 30, 1995
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Appendix Nondestructive Evaluation Tests

on NASP Titanium Metal Matrix Composite

Sidney G. Allison, Min Namkung, K. Elliott Cramer, and Patrick H. Johnston

NASA Langley Research Center

Two National Aerospace Plane (NASP) titanium metal matrix

composite (TMMC) panels were delivered by Rockwell to

NASA Langley in June 1992 for nondestructive evaluation

(NDE). Printouts of a conventional ultrasonic C-scan for each

plate were also included. At NASA Langley three technologies

were applied to assess the integrity of the two panels: magneto-

optical imaging (MOI), thermography, and ultrasonics. The

panels, which appeared to be of good quality, were returned to

Rockwell in Tulsa, Oklahoma, in July 1992.

The layup of these 1/8-in.-thick, 16-ply panels was [0,-45,

45,90, 0,-45,45,90] s. The lead foil strips shown in figure A. 1

were removed after MOI testing. An adhesive paper was then

applied to both surfaces to enhance surface emissivity for
thermographic testing. The adhesive paper was removed before

ultrasonic testing in a water tank.

MOI Tests

The operational principle of MOI is based on detecting the
flaw-induced rotational component of electric current that

produces a magnetic field normal to the test surface. Hence, two

test conditions must be satisfied for the successful application

of the technique. First, the electrical conductivity of the test

object should be high so that strong eddy currents can be

induced in the surface area of the object. Second, the size of an

isolated flaw should be larger than -5 mm so as to generate

detectable normal magnetic fields (unless the flaw is created

near a geometric obstacle, such a hole in the panel, which would

increase the sensitivity). The two TMMC panels tested by MOI
did not meet these conditions. Measurements of the electrical

conductivity showed a low conductivity, much lower than that

of aluminum plates (conventional test samples). Also, there

were no holes in these panels. Therefore, the MOI technique did

not yield any explainable results.

Thermography Tests

Thermal diffusivity imaging is a technique where a short

pulse of heat is applied to one side of the test object and the time-

dependent surface temperature of the other side is measured

with an infrared radiometer. An image of the thermal diffusivity

can be made from the time rate of change of the temperature

measured. Anomalies or defects appear in these measurements

as variations in the thermal diffusivity measured. Diffusivity

measurements were performed on the two TMMC composite

panels. The results show uniform diffusivity across both plates,

giving no indication of anomalies. The average measured
diffusivity of each plate was approximately 0.02 cm2/sec.

Figure A.2 is a diffusivity image of one of the plates, showing
the lack of anomalies.

_,, 27.5

i

0.63 x 0.13 _--
2.5,

13.5 foil strip 2.88

_ 1.5, 1.63
v T

Figure A.1.nLocation of lead foil strips. (Dimensions are
in inches.)

Figure A.2.mThermal diffusivity image of TMMC test
panel.
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Ultrasonic Tests

Rockwell indicated that their C-scans did not show any anoma-

lies. We repeated those types of ultrasonic C-scans on both panels
in a water tank and confirmed their results (see figs. A.3 and A.4).

In addition, we performed ultrasonic polar backscatter tests,
which are sensitive to the conditions of fiber structures within the

panels in a specific direction (see figs. A.5 and A.6). In polar

backscatter measurements the ultrasonic insonification is per-

formed at a nonnormal angle of incidence to the surface but

perpendicular to a set of fibers in the plate. In principle, if the fibers
are defective, increased signals will result. The surface smooth-

ness from these samples did introduce some anomalies in polar

backscatter images for the 0° direction, which was the outer layer

fiber direction. These panels did not display any striking anoma-
lies that could be attributed to flaws.

Figure A.3._Ultrasonic C-scans of sample A. (a) Side 1. (b) Side 2.

Figure A.4.--Ultrasonic C-scan of sample B.
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Figure A.5._Ultrasonic polar backscatter images of sample A. (a) -45 °.
(b) 0 °. (c) 45 °. (d) 90 °.
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Figure A.6.--Ultrasonic polar backscatter images of sample B.

(a) -45 °. (b) 0°. (c) 45% (d) 90°.
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